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WINDOWS FOR EXTERNAL OR INTERNAL HYDROSTATIC PRESSURE VESSELS
PART I - CONICAL ACRYLIC WINDOWS UNDER SHORT-TERM PRESSURE APPLICATION

Technical Report R-512
Y-F015-01-07-001
by

J. D. Stachiw and K. O. Gray

ABSTRACT

Conical acrylic windows for {ixed ocean-floor structures were placed under short-term
loading (pressurization from zero to failure at a fixed rate). The windows, of different thick-
nesses and different included conical angles, were subjected to various applied pressures,
and their subsequent behavior was studied.

Acrylic windows, in the form of truncated cones with included angles of 30°, 60°, 90°,
120°, and 150°, were tested to destruction at ambient room temperature by applymg
hydro.,tatxc pressure t. the base of the truncated cone at a continuous rate of 650 psi/min.

The pressure at which the windows failed and the magnitude of displacement through the
window mounting at different pressure levels were recorded. Tha ultimate strength of the
conical windows (denoted by the critical pressure at which actual failure occurred) was found
to be related both to thickness and included conical angle,

Graphs are presented defining the relationships of critical pressure versus
thickness-to-d:ameter ratio, and pressure versus magnitude ¢ displacement for the windows.

Nondimensional scaling factors for critical pressure and displacement applicable to
large-diameter windows are discussed and presented in graphic form.

This initial study produced design criteria for conical acrylic windows for any ocean
depth under conditious of short-term loading. These criteria may be applied to windows in
either an internal pressure vessel used to contain high pressures, and thus simulate the
ocean environment, or an external one used to resist high pressures, such as deep
submergence structures in the ocean.

Distribution of this document is unlimited.

Copies available at the Clearinghouse (CFSTI) $3. 00
The Laboratory invites comment on this report, particularly on the
results obtained by those who have applied the information
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INTRODUCTION

The Naval Facilities Engineering Command*® is responsible for the construction and
maintenance of underwater structures attached to the ocean floor. Such structures may
include instrumented or manned underwater surveillance or observation posts that will rely,
at least in part, on visual observation and the transmitting and receiving ¢f electromagnetic
radiation through “non-opaque’* hull areas for the performance of their mission. Windows of
certain types have been employed for these purposes on research submarines, and have been
found to be of practical value especially for visual and sonic (sonar) observation in
hydrospacs. Similar windows will be utilized on permanent ocean f{loor installations. The
published data on the strength of underwater optical-viewing windows used on submarines is
very meager,1,2.3 a,._ formulas for its calculation are lacking. Furthermore, the operational
requirements of permanent underwater installations are sufficiently different from those of
submarines to make most of the existing data inapplicable to the deep submergence structures.
For these reasons, a study has been undertaken at the Deep Ocean Laboratory of the Naval
Civil Engineering Laboratory (NCEL) to generate information for the design of feasible
underwater windows. This information, besides satisfying the primary underwater window
design requirements, will also prove valuable in the design and operation of windows in
internal pressure vessels used for simulation of deep ocean environments.

The performance of underwater windows is influenced by such major 1actors as the
duration of loading or application of pressure; temperature; the thickness, shape, and type of
the window material; and the number of pressure cycles involsed. Since all these variables
must be considered in combination, the whole investigation must proceed in phases, with the
factors evaluated in one combination at a fime. The phase of study described in this report

" was planned to determine the relationship between the shape, thickness, and critical pressure
of truncated-cone-shaped acrylic plastic windows under short-term loading at room
temperature.

BACKGROUND INFORMATION

Windows for underwater applications where high pressures are encountered have been
of conical shape since the beginning of deep submergence research. The first scientist to
explore this field, Auguste Piccard,! not only introduced the conical window shape but also
the use of acrylic plastic for windows in deep submergence structures. The conical shape
was chosen because of its wide field of vision, as well as its wedging and seli-sealing
behavior under high pressure. Acrylic plastic, introduced for the underwater application by
Professor Piccard in 1939, is still the primary material used {or underwater high-pressure
windows because of its low cost, wide availability, and excellent optical properties. It is
readily bonded, permitting windows of any thickness to be built up by lamination of sheets,
and is impact-resistant enough to render unnecessary additional protective covers except for
windows employed on combat missions. The long, excellent performance record of acrylic
plastic for underwater windows prompted the decision to investigate it first, ahead of other,
recently developed optically transparent materials.

Acrylic plastic, like most plastics, deforms with time under sustained loading. For
this reason, an acrylic window subjected to sustained pressure loading will ultimately fail at
a much lower pressure than if it were pressurized rapidly till failure occurs. Thus, the
pressure rating of a window is affected by the duration o/ load application. In addition, if the
window is subjected to more than one pressure cycle of a given duration, its pressure rating
will change accordingly. Therefore, to obtain complete design information for acrylic
windows, it is necessary to subject them to different types of loadings. However, 2 standard
must be established to which strengths can be compared. Since this has not been done in the
course of underwater window investigation to date, a fundamental purpose of tne initial phase

*Formerly Bureau of Yards and Docks.




of the present study was to set such a standard. The one selected around which to compile
basic data was the failure of windows under short-term pressure application at an ambient
temperature in the approximate range of 60° to 70°F. The short-term loading, which denotes
not a specific time but pressurization from zero to failure (or critical pressure) at a fixed
rate, here was to be applied at the rate of 650 psi/min.

Since the compressive and tensile strength of acrylic material decreases with an
increase i temperature, it was considered wise to conduct experiments at prevailing room
temperature of 60° to 70°F, for this would be a more severe test than if the pressurizing
medium, water, were around 40°F, the temperature of most ocean depths. Also, this
temperature range would facilitate the use of conical acrylic windows in internal pressure
vessels, where the water employed is likely to be at room temperature.

DESIGN OF EXPERIMENT

The experiraental study had two objectives: to determine the short-term pressure
strength of a series of windows of different conical angles and thicknesses, and to provide
experimental data tor future analytical studies dealing with the strength of such windows. To ]
implement the latter objective, the windows were designed not only with a 90° included conical
angle, the one customanly used in 2!l present underwater deep submergence windows, but
also with 30 60°, 120° and 150° included angles. It was felt that by varying the angle from
30° to 150°, suffxcxent perturbation of the angle parameter was introduced into the experiment 1

to permit the evaluation of its influence on window strength. The thickness-to-diameter j
(t/D) ratio was varied for the same reason. This ratio is a single, computationally useful
nondimensional term combining the two other parameters besides cone angle which determine ]

the critical pressure of conical windows: the thickness, t, of the truncated cone, and the
minor diameter, D, of the cone. Sufficient perturbation was assured for the
‘thickness-to-diameter ratio by varying it from 0.125 to 1.Q. (Although the t/D ratios are
herein expressed in decimal form, sometimes to three places, tnese values are actually the
decimal equivalents of nominal fractional values.)

To obtain true experimental response from the windows whose t/D ratios and conical

angles were varied, special effort was made to hold both the temperature and the rate of b
pressurization constant. Furthermore, the window material and metallic flanges for
mounting test specimens were kept the same for each series of experiments, in order to .

prevent excessive variatiors in both window material strength and flange rigidity.
A summary of the experiment, reflecting the various categories of the complete test

data found in Appendix G, is presented in Tabie 1.
Table 1. Summary of Experimental Work .
. . Included
Window Mounting P . ]
1/ Conical t/D Ratio .
Diameter=' | Flange | pngic (Nominal) Remarks
o (deg)
1 I 30, 60, 90, | 0.125, 0.25, 0.375, 0.5, Short-term critical pressure “
120, 150 0.825, 0.75, 0.875, 1.0 | and displacement tests B
1 I 30 0.5 Low-temperature-effect tests J
1 I 30 1.0 Type II flapge effect tests
2 I 30 0.125, 0.25, 0.5 Window t/D ratio scaling
factor validation tests -
4-1/2 I 60 0.125, 0.25, 0.5 Window t/D ratio scaling -
factor validation tests
8 1 90 0.5 Window t/D ratio scaling v
factor validation tests

1/ Minor diameter of the truncated acrylic cone.



Window Test Specimens

The conical window test specimens (Figure 1) were machined from acrylic plates and
sheets only. The material used was commercial quality Grade G Plexiglas, the physical
properties of which are described in Appendix A. This off-the-shelf acrylic material was
chosen with the designer in mind, permitting him to specify and easily procure fairly
mexpensive stock for his own experimentation or use based on data presented herein.

Since the windows were machined from commercially available sheets and plates of
acrylic material, small variations were anticipated in their mechanical properties.
Preliminary experiments indicated this variation in strength. together with variations in
conical angle and thickness resulting from the necessary machining tolerances, caused
considerable scatter of experimental values. Although such a scatter increased the
experimental task, certain advantages result for the potential designer. From the range of
scatter of experimentally derived critical pressures. the designer can determine what
deviations of window strength inay be expected when ordinary machine shop tolerances are
used on Grade G Plexiglas material received from various manufacturers. Knowing what
deviations to expect from the average window strengths given in this report, he will then be
able to introduce an appropriate factor of safety.

Since it may often be difficult or economically impractical to provide future submarines,
permanent underwater installations, or pressure vessels requiring cone-shaped acrylic
windows with custom-fitted, lapped-in-place originals or replacements. this study has relied
exclusively on mass-produced. interchangeable specimens. None of the windows received
any further shaping or lapping in place following fabrication in the NCEL machine shop. Spot
checks of the as-machined windows indicated dimensions were less than 230 minates off
from specified nominal angle, and =0. 020 inch from the specified nominal thickness. The
sealing surfaces of the windows were machined to a 32 rms finish. while the parallel viewing
surfaces were polished to an optical finish.

Wirdow Specimen Holders

The test specimens were mounted in metallic flanges designed to fit into the end closure
of the pressure vessel (Figure 2). The pressure vessel employed for this study was the
Mk-I modification of 16-inch Naval gun shells,4 a convenient, medium-size vessel with a
usetul mside diameter of 9 inches. (This diameter determined the choice of the minor
diameter of 1 inch for the basic series of window test specimens, since the major diameter of
the acrylic window specimens tested could reach 6-1."4 iaches, and in the case of validation
tests with larger diameter windows, 8 inches.)

The mounting flanges, machined from mild steel, were of sufficient thickness to
withstand all but minor deformation during application of hydrostatic pressure to the window
specimens. In addition to the dimensional stability offered by the rigidity of the comparatively
massive flange construction. the hydrostatic loading caused by surrounding {luid under
pressure also acted on the flange to minimize its expansion from the wedgi: , action of the
conical window. It can, therefore. be postulated that for all practical purposes the window
flanges were rigid. and only the acrylic windows were deformed during the tests.

Mounting flanges with conical cavities of different angle sizes were employed to
accommodate the range of 30" to 150" included angles of the conical window specimens. A
cylindrical cavity of varying length extended beyond the conical cavity of the mounting flange,
to accommodate the disptaced (extruded or deflected) portion of the window resalting from
pressure action. (See Figure 3.) Flanges were of two types. DOL (Deep Ocean Laboratory)
Type I and DOL Type II, with a difference in configuration related chiefly to the radial
restrant provided by the cavity receiving the displaced portion of the window and explained ix
the paragraphs which follow. In this study, the DOL Type II configuration flange was used
only in a small number of tests, for exploratory purposes.

To standardize the displacement aspect of testing, all windows were machined to
position the low-pressure (minor-diameter) surfaze flush with the small end of the conical
cavity in the mounting flange. Thus, as the thickness of the windows tested varied. the
high-pressure face (the one exposed to the hydrostatic pressure) extended to different eleva-
tions 1n the flange conical cavity. As the window moved axially under hydrostatic pressure,
portions of it would protrude mto the adjoiming cylindrical cavity, and would not be further
subjected to wedging action by the flange.




Included f/D Rutio { Nominal)
Conical V{indow - - N <
Angle, V| Dieme B, | 0125 | 0.25 | 0.375 | 0.5 |o.625 | 0.75 | 0.875 | 1.0
(deg) (in.) % }
Nominal Thickness, t {in.)
30 i 1/8 1/4 3/8 1/2 | 5/8 34 7/8 1.0 4
60 1 1/8 1/4 3/8 12| 5/8 - - -
90 1 1/8 1/4 3/8 /21 5/8 - - - Ny
120 1 1/8 1/4 3/8 172 | 578 - - - A
150 ] 1/8 1/4 3/8 172 | 5/8 - - -
30 2 1/4 1/2 - 1 - - - -
Néo 4-1/2 916 |i-i/8 | - 2-1/4 - - - -
_<\‘> 90 8 - - - ] - - - - 4

Voo . . .

Y Dimensional tolerance of 230 minutes,

2/ . . . .
—/Drcmerer of low-~pressure foze (minor diameter), with tolercnce of = 0.005 inch.

3 .
JCommercial stock size, with tolerance of £10%,

Figure 1. Types of conical acrylic window test specimens. 3




Foreword

» For successful operation, all manned diving systems, submersibles, and hyperbari. chambers re-
quire pressure-resistant viewpons. These viewports allow the personnel inside the diving bells and sub-
mersibles to observe the environmeat outside the pressure-resistant hulls. In additon, on land, opera-
tors of hyperbanc ciambers can observe the behavior of pauents or divers undergoing hyperbaric

A treatment inside the chambers.

Sice .e viewports form a pan o1 the pressure-resistant envelope, they must meet or surpass the
safety critena used for designing either the metallic or plastic composite pressure envelope. The
ASME Boiler and Pressure Vessel Code Section 8 provides such design criteria, and the chambers/
pressure hulls designed on their basis have generated an unexcelled safety record.

The viewports, because of the unique structural properties of the acrylic plastic used in construct-
ing the windows, could not be designed according to the same .rteria as for the pressure ervelopes
fabncated of metallic or plastic composite materials. To preclude potential catastrophic failures of
. windows designed on the basis of inadequate data, in 1965, the U.S. Navy initiated 2 window testing
program at the Naval Cwil Engineering Laborztory and the Naval Ocean Systems Center. Under this
program, window testing was conducied uatil 1975.

The objective of the window testing program was to generate *est data concerning the structural
performance of acryuc-plasuc windows fabncated in different shapes, sizes, and thichnesses. Candi-
& dates for investugauon included the effect of major design parameters, like the thickness to diameter
rauo, bevel angle of beanng surfaces, and the ratio of window diameter (o se2t-opening diameter on
the structural performance of the windows, and empincal relationships were to be formulated between
these vanables and the cntical pressures at which windows fail. To make the tes .esults reaiistic, the

. test condiions were varied to simulate the mn-service environment that the .:idows were to be sub-
jected. Thus, dunng testing, the windows were subjecied not only to short-term pressurization at
| room temperature, but also to long-term sustained and repeated pressunization at different ambient
. temperatures.

On the basis of these data, empinical relationships were formulzied between design parameters and
» test condiions. Commritees in the Pressure Technology Codes of the American Society of Mecham-
cal Engineers subsequently incorporated these relauonships mnto the Safety Standard for Pressure Ves-
sels for Human Occupancy (ASME PVHO-1 Safety Standard). Since that ume, this ASME Safety
Standard has formed the tasis — worldwide — for designing 2cnlic windows in pressure chambers for
v human occupancy. Thewr performance record is excellent, since the publication of the Safety Sten-
dard in 1977, no catastrophic failures have been recorded that resulted in persenal injury.

The dat2 generated by the Navy's window tesung program were vngmnally dissemmated in technical
reporis of the Naval Civil Engineenng Laborztory and the Nava! Ocean Systems Cenier, and were
made available to the general public through the Defense Technical Informaton Center. To facilitzte
v distribution of these data to users inside and outside of the Deparunent of Defense, the technical re-

- ports have been collected and are being reissued as volumes of the U.S. Navy Ocean Zngineering
Studies.




These volumes, containing the collected technical reports on pressure-resictant plestic windows, will
be deposited in technical libraries of Naval Laboratories and universities with ocean engineering pro-
grams. This dissemination of collected data should significantly reduce the effort currently being ex-
pended by s:udents, engineers, and scientists in their search for data dispersed among the many re-
ports published over a 10-year period by several Naval activities.

N
"™ Volume III of the Ocean Engineering Series is a cc-apilation of four technical reports that focus
exclusively cn the critical pressures of acrylic windows under short-term pressurization. Three different
window shapes are discussed in these reports: flat disc, conical frustum, and spherical shell. Since
the structural prouperties of acrylic plastic are not a function of material thickness, the critical pressures
of scale-model acrylic windows described in these reports apply to windows of any size.
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Figure 2. Steel mounting flange for conical acrylic windows
attached to end closure of Mk-I pressure vessel.
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90 1/4
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150 1-1/4
—]/Dimensional tolerance of £30 minutes,
Figure 3. Steel mounting flanges, DOL Type I configuration, for 1-inch-diameter

conical acrylic window test specimens.




Exploratory work (Table G-11, Appendix G) indicated that continued radial support for
the displaced portion of the window has a definite relationship to the window critical pressure.
Therefore, each test mounting flange, though its cylindrical cavity in many cases had a length
of only 0.25 inch, was backed by a flange adapter (Figure 4) with a cylindrical cavity always
matching the minor diameter of the mounting flange cavity. In this way, regardless of how
much a window extruded, its extruded portion was always radially restrained by a cylindrical
wall, either of the flange or of the adapter. <Such arrangement standardized the test
conditions for window specimens whatever tl -.r thickness, conical angle, diameter, or
amount of aisplacement under testing. The type of flange configuration assuring the displaced
portion of supp: ri, whatever its length, was designated DOL Type I, and the cune not providing
such support, DOL Type II. (See Appendix F.) In the latter configuration, the cavity for
receiving the displaced portion of the window was not cylindrical but flared sharply, and was
not extended by use of a flange adapter.

Instrumentation

The instrumentation _onsisted of a thermometer, a pressure gage, and a displacement
measuring device. The thermometer was used to measure the temperature of the water in
contact with the window in the vessel; the pressure gage, the pressure of the water in the
vessel; and the displacement measuring device, within 0. 001 inch, the displacement of the
center of the window low-pressure face as it extruded or deflected into the cylindrical cavity
of the mounting. Since the displacement measuring device (Figures 5 and 6) was mechanical,
no problems were encountered in zeroing or balancing it. Although more sophisticated
instrumentation employing electric resistance strain gages 2 or photoelastic techniques
could have been used, its potential contribution in the determination of ultimate short-term
window strength was deemed insufficient to warrant consideration.

TEST PROCEDURE

The window mounting flange with the appropriate conical opening was placed on the
flange adapter (Figure 4) and bolted in position. The window, to which the displacement
indicator wire was already fastened by means of a smail acrylic anchor piece cemented onto
its low-~pressure face, was liberally coated with silicone grease and inserted into the
mounting flange. No retaining device was necessary, as the grease exerted enough adhesion
to keep the window from falling out. Next, the mounting assembly was inserted into the end
closure of the pressure vessel and locked in place. The 0.010-inch-thick steel wire
connected to the window low-pressure face was then fastened to a 1-pound weight. With the
wire positioned over pulleys that centered one wire end over the window and the other over a
dial indicator, the weight was placed on the dial indicator rod, depressing it slightly
(Figure 5). During the experiment, the weight was kept from shifting on the dial indicator
rod by a plastic weight guide tube and a recess on the bottom of the weight into which ine
indicator rod fitted. The test setup with the displacement measuring device in position is
shown i1n Figure 6.

To permit pressurization of the vessel, three entries were provided in the top of the
vessel end closure. One was used to admit the pressurizing {luid to the vessel, one for
sensing the pressure, and one to remove entrapped air and to relieve the pressure in the
vessel on completion of the test. The pressure inside the vessel was monitored at all times
with a 16-inch-diameter Bourdon tube-type pressure gage connected to 2 fitting 1n the end
closure with 1/16-inch-outside-diameter tubing. The use of such small tubing was
instrur.ental in reducing the severity of the hydraulic shock to the mechanism of the gage at
the moment of window failure, when the pressure in the vessel was reduced from as high as
30, 000 psi to 9 psi in less than 1 second. The pressurization of the vessel was accomplished
by means of two air-driven pumps with a maximum pressurization capability of 30, 000 psi
(Figure 7).

Although different rates of pressurization were feasible, a pumping rate of
650 £100 psi/min was selected ac a standard. The temperature of the pressurizing medium
{fresh water) and of the vessel was mamtained in the general range of 60° to 70°F, although
for some selected tests it was reduced to a range of 35° to 40°F. The temperature readings
were recorded before and after window failure to obtain an average.
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Figure 5. Window displacement measuring device.
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Figure 7. High-pressure pumping unit, precision pressure gage (center),
and television monilor used in tec! procedure.




Once the pressurization process was begun, it was continued until the window failed.
Displacement readings were recorded at 1, 000-psi intervals without interruption of the
pressurizing. Both the pressurization and the recording of displacement data were continuous
until window failure occurred with an explosive release of compressed water and fragments of
window. Water and fragments were ejected high into the air through the opening in the end
closure. To protect the operator of th» pressurizing system from possible failure of the
vessel, he as well as the monitoring equipment were separated from the test area by a
massive concrete block (Figure 8). The dial indicator readings were observed by means of
a closed-circuit televis un system (Figure 9).

EXPERIMENTAL DATA

All the windows which were tested to destruction failed explosively. There wss,
however, a distinct difference in the me¢  of failure among the windows, depending on their
t/D ratio and included angle. Discussioi. of the modes of failure is ‘resented in Appendix B.

Scatter of Data

Experimenta. data ccasisting of critical pressures at which window failures occurred
and magmtudes of displacement at different pressures varied from window to window, even
<hough the windows were of the same nominal dimensions. To obtain a representative value
of the experimental parameters, five or more windows of each nominal thickness used were
tested tor each t/D ratio, and their critical pressures and displacements averaged. This
procedure was repeated for each conical angle considered. Since eight nominal t/D ratios
and five conical angles were investigated, around 290 experiments were pe:formed and the
data from them recorded.

Because the average of any number of experimeatal readings at a given t/D ratio does
not convey adequately the scatter of individual reading :, both the minimum and the maximum
of each experimental parameter range were also recorded for each t/D ratio. In general, it
can be stated that the range of scatter of individual experimental points is less than
plus-or-minus 10% of the average value computed for a given t/D ratio and conical angle.
Such a magnitude of scatter range is small when one coxnsiders that the variation in
temperature was of the same magnitade, the thickness of the window varied within
plus-or-minus 0. 020 inch of nominal thickness, and that the angular ..mension varied within
59 minutes of the nominal value.

Size of Sample Group. The size of the sample group was varied and statistical methods
were used to verily that five experimental values provided an adequate representation of the
experimentally determined variables. The discussion of this study is presernted ir Appendix C.

Effects of Temperature. Groups of similar specimens were tested at both 35° t5 40°F
and 67 to 75°F; it was determined ti.. the lower temperature produced a mea.,urable increase
in the critical pressure. The discuc. «.n of this study is presented in Appendix D.

Subsidiary Experiments

Applicability of 1-Inch~Diameter Window Test Data to Windows of 7 ar<er Sizes.
Several experiments were corducted with larger windows to detelins.~ if vne data obtained
from tested 1-inch-diamecter windows was applicable to larger sizes. It was determined that
the t/D ratic (with certain limiting conditions) is a direct scaling factor for critical pressure
and that displacement, while not directly scalable, can be estimated reasonably accurately
with an appropriate scaling factor. The data and aiscussion are presented in Appendix E.

Evaluation of Other Window Mounting Flange _onfigurations. Exploratory exper.ments
were conducted which demonstrated that the configuration of the transition zone between the
adjoining cavities of the mounting {lange, the conical cavity and the one for accommodating
the acryhic displacement, has ~onsiderable influence on the short-term critica’ pressure of
the wiraow.
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One-Inch-Diameter, 30° Conical Windows

Comp!lete data from the testing of 1-inch-diameter, 30° conical windows are presented
in Tables G-1 through G-11, Appendix G.

All these windows failed by being ejected from the vessel. In every case the whole
window disintegrated into small particles that were carried outside the vessel by the
high-velocity stream of water. Inspection of the mounting flange failed to show any pieces of
the fractured window adhering to it.

The critical pressure recorded during the testing of the 30° window specimens
(Figure 10), when plotted, appear to vary exponentially with t/D ratios, with small variations
in the ratio producing large differences in pressure. The displacements of the windows
(Figure 11) were large and decidedly nonlinear for all t/D ratios.

One-Inch-Diameter, 60° Conical Windows

Complete data from the testing of 1-inch-diameter, 60° conical windows are presented
in Tables G-12 through G-16, Appendix G.

In corvmaring the critical pressures of the 60° windows (Figure 12) with those of the
30° windows, it became apparent that the 60° type of window was the more pressure-resistant.
The differences in critical pressure between windows of the same t/D ratio but different
included angle varied with the t/D ratio. The difference was quite small at low t/D ratios,
but extremely large at intermediate and high t/D ratios. The high critical pressures of
60° windows were accompanied by smaller displacements (Figure 13) when comparison was
made at the same pressure to 30° windows of the same t/D ratio.

One-Inch-Diameter, 90° Conical Windows

Complete data from the testing of 1-inch-diameter, 90° conical windows are presented
in Tables G-17 through G-22, Appendix G.

The critical pressures of the 90° windows (Figure 14) were not markedly higher than
those of the 60° windows with the same t/D ratio. This showed that the increase in
short-term pressure resistance of conical windows, with increase of included angle, was
reaching a plateau with the 90° windows, and probably no further gain in pressure resistance
was to be achieved by enlarging the included conical angle to 120° or 150°. The displacements
of the 90° wirdows (Figure 15) were observed to be significantly less than those of the
60° windows.

One-Inch-Diameter, 120° Conical Windows

Complete data from the testing of 1-inch-diameter, 120° conical windows are presented
in Tables G-23 through G-27, Appendix G.

The critical pressures of these windows (Figure 16) were found to be essentially the
same as those of the 90° windows. This seemed to indicate that no further advantage was to
be gained 1n terms of pressure capability by increasing the angle of the windows past 90°.

The displacements of the 120° windows (Figure 17) were observed to be approximately
the same as those of 90° windows. Since the displacements were generally smaller than
those for the 90° windows, and since the cold-flow cratering (pressure-induced plastic
deformation, here a depression, occurring at room temperature) on the high-pressure face
of the 120° windows appeared to be less pronounced at the same pressure than for
90° windows, the 120° windows would probably perform better optically at higher pressures
than the 90° windows.
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One-Inch-Diameter, 150° Conical Windows

Complete data from the testing of 1-inch-diameter, 150° conical windows are presented
in Tables G-28 through G-33, Appendix G.

The critical pressures of the 150° conical windows (Figure 18) were in general the same
as those of 120° windows, except for 0.375 t/D ratio windows, whose critical pressures were
slightly higher. This indicated that, for the most part, no benefit in critical pressure was to
be derived by increasing the included angle of the windows above 90° or 120°,

The displacements of the 150° conical windows (Figure 19) were, in general, the same
as those of the 120° windows, but noticeably smaller than those of the 90° windows. The
shape of the displacement curves shows that very little plastic flow took place in the
150° conical windows prior to their failure at critical pressure, much the same as in the case
of the 120° windows.

Two-Inch-Diameter, 30° Conical Windows

Complete data from the testing of 2-inch-diameter, 30° conical windows are presented
in Tables G-34 through G-37, Appendix G.

These windows failed at pressures (Figure 20) approximately the same as those of
1-inch-diameter, 30° windows with the same t/D ratio.

The displacements of the 2-inch-diameter windows (Figure 21) were found to be
considerably larger than those of the 1-inch~diameter windows with the same t/D ratios. A
definite ratio between the magnitudes of displacement for windows of these two diameters
could not be derivad which would be accurate regardless of t/D ratio. Nevertheless, a
1:2 ratio, representing the ratio between the 1-inch- and 2-inch-diameter windows, can prove
useful in estimating the displacement of 2-inch-diameter windows of various t,/D ratios from
known displacements of 1-inch-diameter windows.

Four-and-One-Half-Inch-Diameter, 60° Conical Windows

Complete data from ‘he testing of 4. 5-inch~diameter, 60° conical windows are
presented in Tables G-38 through G-40, Appendix G.

The window specimens tested of this type, with t/D ratios of 0.125, 0.25, and 0.5,
failed at essentially the same pressures (Figure 22) as the 1-inch-diameter windows with the
same t/D ratios. The displacer 2nts of the 4. 5-inch-diameter windows, however, differed
considerably from those of the 1-inch-diameter, 60° windows. When the magnitude of
displacement of the 4. 5-inch-diameter windows (Figure 23) was compared to that of the
1-inch-diameter windows, it was found to be considerably higher. Although a definite ratio
between the magnitudes of displacement for windows with these two diameters could not be
derived which would be accurate regardless of the t/D ratio, it appears that a t/D ratio of
1:4.5 is a good approximation, This figure would indicate that the ratio of displacement
magnitude for l-inch- and 4. 5-inch-diameter windows is probably the same as that of the
two window diameters.

Eight-Inch-Diameter, 90° Conical Windows

The short-term hydrostatic testing with an 8-inch-diameter, 90° conical window
(Figures 24 and 25) was conducted under the same experimental conditions as those for
1-inch-diameter, 90° windows, except that an 18-inch-inside-diameter pressure vessel
(Figure 25) was used for pressurization. Only the 0.5 t/D ratio was investigated, and its
critical pressure compared to that of the i-inch-diameter conical windows with a 0.5 t/D
ratio.

The critical pressure (Figure 26) of the 8-inch~diameter, 90° window was found to be
essentially the same as the critical pressure of the 1-inch-diameter, 90° window with
corresponding t/D ratio.
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Figure 18. Critical pressures of 1-inch-diameter, 150° conical acrylic
windows under short-term hydrostatic pressure.
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Figure 19. Displacements of 1-inch-diameter, 150° conical acrylic
windows under short-term hydrostatic pressure.

21




- 3 . e oo i
[ {snunnssunanbistennanansonnansyssoansne I TSR Na > Toad Ah“”’lﬁ‘ bbbt
I NOTE: $ FOONE#E BRRBNT % e 3 (ARSI RRAR AR
vy ot AR B BN REN 1 ;i :
» . + + by Anddey g prémepbes + 1 RN
[1 Material = Plexiglas *G* gL hanawans : 1 o 1 et IpasPas reus v
M N t I 3 T ooy t. it 1
H Thicknes toleronce  — 5% nom, thick TG 04 2 2 44 SRSEmS: vy -y dpat 1
n:landnrﬂw:halion = 635 psi/mir ovg + foatdapis lnaiatned * ]
[{Water remperarure  — 88,2'F ovg 1re tisstrtedreis 13 * 1 ’ RN
Ads s t i3ty e idaiaidiity (A PERRN S . IR e b0 N i e b, s e
onus 30536° e pavest IR Y St Sat o insnvus:
33 b - $ogeirfos spuirirs $oeeed roRs Teit
:1::\(" —/ ke T Eeesstsasarts: simeteere seee rass
I3h SRS RRR R 3 3 X rwn SRS vaRags yreny
" [ T T . " oud FEUEAITEES sevsaaeed Rhiiaus aad S4Qas e pa
b indow + e +
suaa T s T 3l = T e e
suse 3] A ipetobe b eeddt FER SN AT T
Shas, L sageass trt Y rvod g i
Teas 100 Susnen o THT St : ety
{3344 ey H 4 bd et eiarpy -y
» ISERURNI poret 99 — e bt
< DH T v rps
. suubas t LS8 SPONH NS 1
2 s g e
- s e MY peany g oo
H +4+ -t $
% . ITT T Teai. SN RON OB
3 s T e tret INRR O
et o e eigme PNy
. » FE I i Tt Mot
FRTY s :
H ® t r Tt 1 oo
< H H T
< 8. T 3
S £ IansRuw: 0§ Sa Sl Pt
£ H s % g poegeveyid by Az
S thiite Jpsug et Mpangumidn flampus gust
oot Py gty
Lidde PPt I I
swon ool SN : 2
444t *
s T
e ¥ PR Sy B
8 o
+21 scotter of expenimental averoge of
++1 doto from § windows 5 windows 7]
-
b
v fo— —— iy -
B
4 - =
vyl Crilicol Preswee of Aceylic Windows |-+
t3assefl Under Shoet Term Hydrontotc Preswre |1
b (]
30” Cones .
0 et } e s o preiy e =y s beea ]

06 o7 08 09 1.0

Figure .0. Critical pressures of 2-inch-diameter, 30° conical acrylic
windows under short-term hydrostatic pressure.

2 T

ARNARAGEANINS! Jdndaied. b bt IS SRNRERSNT o ISESONSSVEHRERRIRNITUESAARS ENANRUN S
ISNRANNPH RN 3 3 e & e oot e b
Hre—st " o+ syt pimrtdie OTE:
% 5 b e - 4
(P4 FRARSIRRES IR SR T S N . ']
e vt 3 bt t - Plexiglas "G* %
{Se ks Do ayasaons e sus e uod paws o T St Thick ! ~ 5% nom. thickness 5]
. M I
28 bod 23 Rote of pr i - 635 pri/minavg 2
22 Water temp — 68.2°Fovg %
v 1 Dusph t = Axial movement of the g
i o center point on window's low presure foce H
—
- -
22 *All duplocement pornts are overoge voles of L
< five windows o
24 " = b i ) o
¢ ias . - .
H ooy by inae s
- s - i by
— e b4 b4 i I bepprdatd
't T 3 AR AR R Ry
+ s Tie T
~ 0 T 3 e
by 1 + T Totrins =
2 ro : t
L] + Fae - e I 1. s
- o aomae: Enene:
T oot : IR e T
M - UTI R TR
S % i PSRRI TR L 20 pin bupagaiv guaonnn S L A RERERL LARARRRSO8
H [Rvns bysie -
H g s s S o 300 =23
- . v ey ¢ b
s s e
L e ApS XNe Ny eradel r" ‘ | Moos
oot
:
fesnyrcel L 2000° of 298
17? b
t R o b e S0 SO
g bt it e ey by
s 3 R T Y
Z pes e I geras IURRESEE SHTOR RSO
+-e-t S TR 69 Sps rvsen eu pe i ?
+ PIOCwen.bn SUSRAR-EE ¥ 11 %wNT "
y Py P Y Snene aus:
- -—— dad -
30udon pudsss ST Shipakeded .
[EEPriyws Suoastria
+,_...:ti:’...1.
e resiveet
<14 rrrams o
3 IS Tedbeond D.te >rement of Acrylic Windows ps
P & wibing z
. Under Shor- Term Hydrasaiic Pressure [ o
ciric =
rer o p
[Sesvesves 2
Pobrrusd §a 2 Samiagd kg sy joogeaaing 30" Cones +
L R T LT T L P34 309 Popaudnl bupdi :
J4bs [ eaaaarad LEasinditl Aoditotont bas sode Il biassle ol sot ot s sa ooy

02 03 04 05 0¢ 07 08 2.9 1.0

Ouplocement (1n,)

Figure 21, Displacements of 2-inch-diameter, 30° conical acrv'«
windows under short-term hydrostatic pressure.

22




e . B R s LN e K
s
32 IEARASHERNAEIEUSEIEEREESESN NS ENNE 0 - il prdrbags + - 4 i 1 3 B
H| NOTE: ian et nuSaseRnsEonuaa: ease:
- H ; P 3seeassans 4 :
N . 3 3 - 19 ’
. 11 Moterial = Plexigles "G* ¥ y" mna toe 1 s
[ Thickness toleronce  ~ 25% nom, thck ¥ ranehet s IzESSuTASE T t (2 ,
280 Rote of pressrizotion = 567 pri/min avg : 4 -
- 14 Water lcn?evoluu - 64,8°F ovg * dbdotei-d Tptbig -t i bdbotea-ig.
3 Lill |l|X||lllll|"1|!l%l l% i ;e &'I’ 3 lXAJ' ‘A b + 16
[313 $0930° 1T 19801 t ' + roeaets $-d
ass T IR S99 ¥} it 14 1
sus Hirt 3 rnuwe 83 toat 8l 3 T ' .
] FUNE DE S 3 Tt IUNRES RN RS EES T T
" azem t rus Tt * engunnEs by 1 :
- 24 1Wiindow : e ’
! EagE: 81 1 ++ RN N t st
ssus e 1 IBNE S ERae 1wt
pded: god - H 1. ]%X < b1
irte 102 L_ T T e T
sass FETUUT I A i 1‘[ = it i :‘l
1 4 AR ER 1
=~ 20H  Oem ++
L'y H segptgdege T
=] H 1 3 T .
o x 7, £0°30° 3T . a0t
: 3 H 93 HER
3 ye
- b4 s L8 eyt .
. 2 16K o et |
iH iy ; SHE EEais )
-~ » T b 1 b1 43 N
o 3 H 4507 £l e o o + : T
e o H - =y onge et t t it
= < 1 + t T
I 1 T T iy SuDOaE But T T ¥
v ’e 1 + T ;! > T .
12 T 1 ymae tT T ' e T
% - e - I + + b oot .
i ,1 i < : v ': i :
. LS Frres ERSaassnasneasan
' : . Repn 13 pm :
. - : IEERR N i + BORNESES RHE 3
= he 4. + } Tt A Y Y v-y- T * T
8 14 " e : ;
t ' $iemrrrt wotter of expadi 1 | __ overoge of
++ + dato from § windows 5 windows 7 i
v e 334 > T [
¢ 5 9! L :
3 T 1060 81 ia
. 3 + [oas T8 BRAR SRR LA R 2 r ]
k=
4 2t Critical Preswre of Acrylic Windows -+
T 1T Y pe
+ s 3l Under Shoet Term Hydeostahic Preswee (1 4]
+ it ° ks
e nas: rier + 60" Cones +
T . INEYE
[} tas B Rt e
. 0 [ 2] 02 03 04 05 06 0.7 08 09 1.0 |
1/0
- . pe . . © . . .
Figure 22. Critical pressures of 4. 5-inch-diameter, 60° conical acrylic
windows under short-term hydrostatic pressure.
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FINDINGS

1. The analysis of experimental data derived from the testiag of 1-inch-diameter windows
has shown that the displacements of conical acrylic windows larger than 1 inch in diameter,
while not directly scalable, can be estimated by application of the proper scaling relationship.

2. The critical pressures of conical acrylic windows in DOL Type I configuration flanges have
been found to vary with t/D ratio, as well as the conical angle of the windows. An increase in
the t/D ratio is invariably followed by an increase in the window critical pressure, but an
increase in the conical angle is not always followed by a critical pressure increase

(Figures 27 through 31).

3. The critical pressure of conical acrylic windows under short-term hydrostatic loading
increases with a decrease in the temperature of the pressurizing medium. Although sufficient
data does not exist to determine accurately how much higher the critical pressure is in the
approximately 35° to 40°F than in the approximately 60° to 70°F temperature range, it can be
estimated that in all probability it is 10% to 20% higher.

4. The critical pressures of conical acrylic windows with a diameter .arger than 1 inch have
been found to be the same as those of 1-inch-diameter windows with identical conical angle
and t/D ratio.
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Figure 31. Critical pressures of conical acrylic windows under short-term
hydrostatic pressure, 0.625 nominal t/D ratio.

CONCLUSIONS

1. The critical pressures and displacements of the conical acrylic windows presented in
this report are valid only for windows mounted in the DOL Type I steel flange. (In this
configuration, the pressure-displaced portion of the window has radial support, whatever its
extent.) If the DOL Type II steel flange is used to retain the window, much lower critical

pressure will result. (The DOL Type IO configuration does not provide radial support for the
displaced portion.)

2. The critical pressure of large-diameter conical acrylic windows can be predict *d directly,
with reasonable accuracy, from curves derived from experimental data obtained in the testing
of 1-inch-diameter windows provided the larger windows (1) are composed of the same
material, (2) have the same t/D ratio and conical angle as the 1-inch-diameter window and,
(3) are mounted in a DOL Type I flange.

3. Observation of the material cold flow in the windows tested leads to the conclusion that
the optical properties of windows are impaired at pressures considerably below their
individual critical pressure. Since optical distortion measurements were not performed with
the windows in this study, it is not possible to state quantitatively when the optical distortion
of a window progresses to the point where the window loses its value for accurate observation
of the hydrospace or the interior of a pressure vessel. Qualitative observations of windows
whose testing has been interrupted prior to failure indicate, however, a reasonable
assumption to be that the optical properties of windows are not seriously impaired at
pressures less than 50% of their critical pressure.

29



FUTURE STUDIES

Various other studies in the continuing program for investigation of factors which
influence the performance of acrylic underwater windows are either in progress or beinyg
planned. Studies in progress include the following:

i. Conical acrylic windows under long-term loading (500 to 1, 000 hours) at
20, 000 psi
2. Short-term critical pressure of flat acrylic windows
Short-term critical pressure of spherical acrylic windows
Studies in the planning stage cover:
1. Conical acrylic windows under long-term loading (500 to 1, 000 hours) at
10, 000 psi
Conical acrylic windows under cyclical pressure loading from 0 to 10, 000 psi
Flat acrylic windows under long-term pressure loading at 20, 000 psi
4. Flat acrylic windows under cyclical pressure ioading from 0 to 10, 000 psi
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Appendix A

PHYSICAL PROPERTIES OF GRADE G PLEXIGLAS "

Maximum tensile strength 10, 500 psi
Maximum flexure strength 16, 000 psi
Maximum compressive strength 18, 000 psi
Maximum shear strength 9, 000 psi
Modulus of elzsticity in tension (at strain less than 1%) 450, 000 psi

Modulus of elasticity in compression (at strain less than 1%) 450, 000 psi

-~

Maximum elongation at rupture in tension 4.9%

Impact strength (Izod milled notch) 0. 4 ft-1b/in.
(per inch of notch)

Rockwell hardness »1-93

*Staff Report, Plexiglas Design and Fabrication Datz. Bulletin 229z, Rohm and Haas Co.,
August 1961.
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Appendix B

MODES OF FAILURE OF CONICAL ACRYLIC WINDOWS

In the following descriptions of [ailure modes for conical acrylic windows, certain
terms have special definitions. Cold flow is the plastic deformation of tle acrylic window
material at room temperature resulting from application of high hydrostatic pressure to the
window high-pressure face while the low- pressure face remains at atmuspheric pressure.
Cratering denotes the formation of a roughly circular depression in the center of the window
hi gh pressure face as a result of cold flow. A fracture cone is a cone-shaped fracture

uriace inside the body .. a window observed at the termination of the test.

1. .he photographs supplementing the descriptions of the failure modes, the grid pattern
seen on many of the high-pressure window faces is the reflection of 4 grid cast there at the
time the photographs were made. This reflection is a device intended to reveal any cratering
or other irregularity on the high-pressure face, as a recult of cold flow or partial mechanmcal
failure. Any irregularity in the mirrorlike window surface 1s made apparent by a distorted
reflection of the regular square pattern of the grid.

One-Inch-Diameter, 30° Conical Windows

All the 1-inch-diameter, 30° conical windows failed explosively, with all fragments
ejected from the pressure vessel. An interesting feature was the lack of deformation on the
hig: pressure faces of these windows. Examination of a test specimen removed from the
fla L after being pressurized to approximately 857 of its critical pressure revealed almost
nc cold-flow cratering on the high-pressure face (Figure B-1) but a considerable amount on
the low-pressure face, as evidenced by the moderately long, cylindrical extrusion
(Figure B-2) “he low-pressure face also exhibited the circumferential cracks typical of
low-pressure 1aces of all conical acrylic windows regardless of their included angle size.
Since the deformation was noted at a pressure very close to the critical pressure of the
window, it is reasonable to assume thut the failure of the 30° window does not result from any
deep cratering of the high-pressure face, but propagation of cracks from the bearing surfaces
to the interior of the window. When these cracks, already apparent in the specimen examined,
penetrate to the window center, fracturing of the window occurs followed by ejection of the
fragments from the mounting flange.

One-Inch-Diameter, 60° Conical Windows

The mode of fuilure of the 1-inch-diameter, 60° conical windows was not as uniform as
that of the 30° windows, but varied with the t/D ratio. Windows with low t/D ratios, 0.125
and 0. 25, failed by fracturing in such a manner that only the center portion was ejected, with
the rest of the window staying in the mounting flange in the form of a continuous ring. The
low-pressure face of these windows (Figure B-3) exhibited a conical fracture surface, while
the higl.--pressure face remained flat without tre ze of cold flow, showing only a round hole
with ragged edges in the center (Figure B-4).

The 60° windows with an intermediate t/D ratio (0. 375 to 0. 625) also fractured in the
center, o that only the center portion of the window was ejected, while the other fragments
remained in the flange in most cases. The windows with the intermediate t,’D ratios had very
severe cold-flow symptoms on the high-pressure face (Figures B-5 and B-6). t'his extensive
cold flow was a bona fide indication that the proportions of the window were such that the
failure of the material had to occur in *he plastic range of its properties. The low-pressure
face of the wvindows with intermediate t/D ratios had the same type of conical fracture cavity
as the low t/D ratio, 60° windows (Figure B-T). The cold flow on the high-pressure face,
when considered together with the conical fracture cavity on the low-pressure face, indicated
that, although the amount of cold flow increased with the increase of t,/D ratio, the actual
mechanism of fracture was the same.
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Figure B-1. Arrested failure of 1-inch-diameter, 30°, 1.0 t/D ratio
window at 24, 000 psi, high-pressure face.
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Figure B-2. Arrested failure of 1-inch-diameter, 30°, 1.0 t/D ratio
window at 24, 000 psi, low-pressure face.
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Figure B-3. Failed 1-inch-diameter, 60°, 0.25t/D rat:o
windows, low-pressure faces.

Failed 1-inch-diameter, 60°, 0.25 t/D ratio
windows, high-pressure faces.




Figure B-5. Failed 1-inch-diameter, 60°, 0.35 t/D ratio
window, high-pressure face.

Figure B-6. Arrested failure of I-inch-diameter, 60°, 0.625 t/D ratio
window at 26, 600 ps1, high-pressure face.
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Figure B-7. Failed 1-inch-diameter, 60°, 0.35 t/D ratio
window, low-pressure face.

When the 60° windows with high t/D ratios were observed during tests, it was found
they behaved in 2 manner similar to the low and intermediate t'D ratio windows except that
no pieces of window remained in the flange after testing. The cold flow, of course, would be
more pronounced than in either the low or intermediate ratio windows, as the proportions of
the window were such that a cold flow had to occur before a conical fracture on the
low-pressure face could be initiated. Even windows pressurized to 307, to 507% below the
critical pressure showed considerable extrusion into the cylindrical cavity of the mounting
flange (Figure B-8). When the large amount of cold flow on the low-pressure face of the high
t’D ratio (1.0) window (Figure B-8) was compared with the small amount of cold flow on the
high-pressure face (Figure B-9), the tentative conclusion was reached that the high t,'D ratio,
€0° window underwent three phases of deformation. The first phase was characterized by the
uniform radial compression of the window caused by hydrostatic pressure forcing the acrylic
plastic into the cylindrical cavity, resulting in the large amount of extrusion there. Very
little, or no cold flow occurred on the high-pressur : face of the window during that phase, as
the face still remained essentially flat without noticeable crater. The duration of the first
phase was probably to 50% of the critical pressure of the window.

The second phase, lasting from approximately 507% of critical pressure to just below the
critical pressure, was characterized by extensive cold flow on the low-pressure face
(Figure B-10), while the cratci on the high-pressure face became noticeable (Figure B-11).
Considerable cracking of the window body occurred in the transition zone between the conical
and cylindrical sections of the window, as well as on the low-pressure face. The cracks 1n
the transition zone (Figure B-10) extended at an angle from the bearing surface of the window
into its interior, forming the incipient conical fracture surface. The cracks on the
low-pressure face, on the other hand, extended along the circumference of the face, forming
several continuous-crack circles.
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Figure B-8. Arrested failure of 1-inch-diameter. 60°, 1.0 t ‘D ratio window
at 22, 000 psi. low-pressure face. (Phase 1 of deformation.)
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Figure B-9. Arrested failure of 1-inch-diameter, 60°, 1.0 t ‘D ratio window
at 22. 000 ps1, hagh-pressure face. (Phase 1 of deformation. )
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Figure B-10. Arrested failure of 1-inch-diameter, 60°, 1.0 t/D ratio window !
at 28,000 psi, low-pressure face. (Phase 2 of deformation.)

Figure B-11. Arrested failure of 1-inch-diameter, 60°, 1.0 t’D ratio window
at 28, 000 psi, high-pressure face. (Phase 2 of deformation. )
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The third phase of deformation of the high t/D ratio, 60° windows took place at the point
of critical pressure. At that time, the cold-flow crater in the high-pressure face had
progressed to such a depth of the window body that the small cracks at the bottom of the
crater united with the cracks progressing from the window bearing surface at the
cone-to-cylinder transition zone, and a conical fracture surface was created. When the
conical fracture surface was generated, the center portion of the window was ejected first,
followed immediately by the remainder propelled by the high-velocity stream of water.

One-Inch-Diameter, 90° Conical Windows

The 1-nch-diameter, 90" conical windows failed in a manner similar to the 60°
windows. The low t/D ratio windows failed by ejection of the center portion of the window
with the rest remaining in the flange. The intermediate and high t,/D ratio windows in most
cases failed by complete fragmentation. The low t,'D ratio windows failed without cold flow
(Figures B-12 and B-13), while those with intermediate and high t, D ratios exhibited cold
flow. The phases of window deformation were the same as in the 60° windows, except that
the magnitudes of deformation were different for the same t/D ratios. Again, as in the
60° windows, one could see the minute cold flow on the high- and low-pressure faces in
Phase 1 (Figures B-14 and B-15) and the fair amount of cold flow in Phase 2 (Figures B-16
and B-17). The basic difference in Phases 1 and 2 of the 90° windows from the corresponding
phases of the 60° windows lay in the amount of cold flow at the same pressure. While the
cold flow was extensive for the 60° windows, for the 90° windows only shght indication of it
was evident. Thus, when a comparison was made between a 60° and a 90° window from
interrupted failure tests one could see that although both windows had the same t/D ratio
(0. 625) and both had been pressurized to 26, 600 ps1 prior to removal from the vessel, only
the 60° window exhibited cold flow extensively on both the high-pressure and low-pressure
faces (Figures B-6 and B-18),

One-Inch-Diameter, 120° Conical Windows

In the 0.125 < t/D < 0, 625 range of ratios, conical windows failed consistently by
fracturing in the middle, so that the center portion was ejected (Figures B-19 through B-24)
while the remainder of the window was retained by the mounting flange. This was quite
different from the failure of 60° and 90° windows, where the center portion of the window was
ejected only in the low and intermediate 0.125 < t/D < 0, 375 range of ratios, while at the
high t/D ratios the whole window was invariably ejected.

During some of the testing (arrested failures) it was possible to retrieve the center
portion. Close inspection of tiis portion revealed that the mechanism of failure of the
120° windows was quite complex, as the center portion exhibited, in addition to the cold-flow
crater on the high-pressure face, a conical fra.ture cavity on the low-pressure face which
also showed signs of cold-flow displacement into the cylindrical opening in the mounting
flange.

Thus, a typical 120° window, as exemplified by the 0.5 t/D ratio window in
Figures B-25 and B-26, had two fracture cones, an inner one and an outer one. The latter
surrounded the whole center portion of the window generally ejected from the flange in small
fragments. In the example shown of a typical 120° window failure, the center portion,
including the inner fracture cone, was not ejected from the flange, but 1etrieved from a
basket hung immediately below it on the high-pressure side of the window. The reason in
this case for the center portion of the window not being ejected was probably the fact that the
apex of the inner fracture cone on the low-pressure face met the apex of the cold-flow crater
on the high-pressure face, creating a passage for the fluid and thus permitting the pressure
in the vessel to be relieved a split second before the center portion of the specimen was
extruded sufficiently to be ejected through the cylindrical opening in the flange.
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Figure B-12. Failed 1-inch-diameter. 90°, 0.25 t/D ratio
windows. low-pressure faces.

Figure B-13. Failed 1-inch-diameter, 90 . 0.25 t D ratio
windows, high-pressure faces.
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Arrested failure of 1-inch-diameter, 90°, 0.625 t ‘D ratio window
at 26, 500 psi, high-pressure face. (Phase 1 of deformation. )
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Arrested failure of 1-inch-diameter, 90 . 0.625 t D ratio window
at 26, 500 psi1. low-pressure face. (Phase 1 of deformation.)
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Figure B-16. Arrested failure of 1-inch-diameter 90°, 0.625 t/D ratio window
at 28, 600 psi, high-pressure face. (Phase 2 of deformation.)
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Figure B-17. Arrested failure of 1-inch-diameter. 907, 0.625 t’D ratio window
at 28, 600 psi, low-pressure face. (Phase 2 of deformation.)
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Arrested failure of 1-inch-diameter, 60°, 0.625 t/D ratio
window at 26, 600 psi, low-pressure face.

Figure B-19. Failed 1-inch-diameter, 120, 0.25 t D ratio
window, low-pressure face.
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gure B-20. Failed 1-inch-diameter, 120°, 0.25 t/D ratio
window, high-pressure face.

Figure B-21. Failed 1-inch-diameter, 120°, 0.375 t'D ratio
window, low-pressure face.
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Figure B-22. Failed I-inch-diameter, 120", 0.375 t D ratio
window, high-pressure face.
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Figure B-24. Failed 1-inch-diameter, 120°, 0.625 t/D ratio

window, high-pressure face.

.5 t/D ratio window,

h-diameter, 120°, 0
low-pressure face, with center portion alongside.

-1nc

Failed 1

Figure B-25.
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Figure B-26. Failed 1-inch-diameter, 120°, 0.5 t/D ratio window,
high-pressure face, with center portion alongside.

From inspection of the retrieved window center portion, and of the outer ring-shaped
fragment, as well as other windows whose testing was terminated before ejection, it can be
postulated that cracks in the 120° windows were 1nitiated at thiee locations. The one where
cracks first appeared, at approximately 70% of critical pressure, was below the
shape-transition zone on the bearing surface of the window (Figures B-27 and B-28). The
cracks initiated here were continuous around the circumference of the window, and
propagated themselves into the interior of the window body at approximately right angles to
the conical surface.

The second location of crack initiation lay on the high-pressure face of the window. The
cracks appeared her¢ ... than at the shape-transition zone and were not as continuous as
those in the first loca ... The cracks on the high-pressure face were generated on the
periphery of the cold-.. crater, which became noticeable 1n the 120° conical windows only
at hydrostatic pressures in excess of 707% of the window critical pressure (Figure B-29).

The third location where cracks were generated was around the circumference of the
low-pressure face. These cracks appear only after those in the other locations have grown
to considerable proportions. It can be shown that the cracks on the low-pressure face had not
yet developed (Figures B-30 and B-31) in windows with 0.5 < t’D < 0.625 ratios at approxi-
mately 907 of the window critical pressure. Therefore, they must appear at pressures
higher than 90% of critical pressure.
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Figure B-27. Arrested failure of 1-inch-diameter, 120°, 0.625 t/D ratio
window at 22, 500 psi, low-pressure face.

Figure B-28. Arrested failure of 1-inch-diameter, 120°, 0.625 t/D ratio
window at 22, 500 psi, high-pressure face.
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Figure B-29. Arrested failure of 1-inch-diameter, 120°, 0.625 t/D ratio
window at 26, 000 psi, high-pressure face.

Figure B-30. Arrested failure of 1-inch-diameter. 120°, 0.625 t/D ratio
window at 26, 000 psi, low-pressure face.




Figure B-31. Arrested failure of 1-inch-diameter, 120°, 0.625 t/D ratio window
at 26, 000 psi, low-pressure face, with center portion alongside.

The 1-inch-diameter, 150° conical windows failed essentially in the same manner as
the 120° windows, by ejection of the center portion, except that the center portions of the
0.125 t D ratio windows were nol ejected when the window critical pressure was reached.
The reason for this failure to eject was that upon propagation of cracks in the window
(Figures B-32 and B-33) at critical pressure, the center of the window deflected into the
flange cylindrical opening to such an extent that the seal between the conical surface of the
window and that of the flange cavity was broken, thus relieving the hydrostatic pressure in
the vessel. (If the vessel had been of very large capacity, or the window 1n a structure
submerged in the ocean, where infinite hydrostatic energy exists, the center of the 0.125t,'D
window would also have ejected, though some leakage around the conical window surface
would have occurred just prior to the ejection. )
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Figure B-32. Failed 1-inch-diameter, 150°, 0.125 t/D ratio window, low-pressure
face, with displacement indicator anchor attached.

Figure B-33. Failed 1-inch-diameter, 150°, 0.125 t/D ratio
window, high-pressure face.
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That this was the mechanism of failure for the 0.125 t/D windows was evidenced on
0.25 t/D windows in the transition t/D range between windows whose center was ejected
every time in the test, and windows whose center was not ejected because of prior leakage
around the conical sealing surfaces. Thus, in 0.25 t/D windows, three different types of
failure occurred. One type (Figures B-34 and B-35) was the same as for the 0. 125 t/D ratio
windows, where the presence of radial cracks in the center of the window permitted it to
deflect to such an extent that the seal was lost between window and flange. The second type of
failure for the 0.25 t/D ratio windows was a central fracture cone which originated from
circumferential cracks on the window low-pressure face, This fracture cone, also previously
found in 0.25 t/D windows with 60°, 90° and 120° angles, was characterized by ragged
fracture surfaces, and the fact that its outside diameter was approximately 1 inch (the
diameter of the window low-pressure face). The third type of failure of 0.25 t/D ratio
windows was the presence of two fracture cones in the center portion of the window. The
inner one was initiated by the circumferential cracks on the window low-pressure face, while
the outer fracture cone started from a circumferential crack on the window bearing surface
below (on the conical side) the shape-transition zone. The outer fracture cone, so typical of
previously tested 120° conical windows, had a smooth cleavage surface, and its major
diameter was invariably larger than the diameter of the low-pressure face.

The 150° windows with t/D ratios larger than 0. 25 invariably failed by ejection of the
window center portion bounded by the outer fracture cone (Figures B-36 through B-39). The
inner fracture cone that started at the low-pressure face was also present in all these
windows, except that it generally was not found after window failure, since it lay within the
body of material ejected at critical pressure. Close inspection of a 0. 625 t/D window which
was loaded to only approximately 80% of its critical pressure confirmed this. In this
arrested-failure specimen, three fracture cones could actually be seen (Figure B-40). The
outer cone fracture had already penetrated the whole thickness of the window body, while the
two inner cone fractures had penetrated only partially. The high-pressure face of the window
exhibited a well-defined cold-flow crater bounded by the outer fracture cone (Figure B-41).
Beyond the boundary of the outer fracture cone the high-pressure face of the window showed
no traces of cold-flow cratering (Figure B-42).

Two-Inch-Diameter, 30° Conical Windows

All 2-inch-diameter, 30° conical windows failed by being ejected from the vessel.
Their critical pressures were in the same pressure range as the critical pressures of
1-inch-diameter, 30° windows. The displacements for the two types of windows were
different. The ratio between the displacements of the 2-inch- and the 1-inch-diameter
windows was found fo be roughly 2:1. This would seem to indicate that the displacements of
30° conical windows are proportional to their minor diameter.

Four-and-One-Half-Inch-Diameter, 60° Conical Windows

The 4. 5-inch-diameter, 60° conical windows, except for the 0.25 t/D ratio specimens,
were ejected completely from the mounting flange on failure. When the remains of the
4, 5-inch-diameter, 0.25 t/D ratio windows (Figures B-43 and B-44), retained in the flange,
were compared to the remains of 1-inch-diameter windows with the same t/D ratio, it became
apparent that the mechanisms of failure must have been similar, for the appearance of the
retained window fragment was the same in both cases. Since the center portion of the
4, 5-inch-diameter, 0.25 t/D ratio window was not ejected from the vessel, due to premature
pressure relief through a crack in that section, it was available for observation. The center
portion showed deformation of both the high- and low-pressure faces. The deformation of the
high-pressure face was a typical cold-flow crater, while the conical cavity on the
low-pressure face was generated by fracturing of the material. The whole center portion of
the window was separated from the rest of the window body by a shear cone surface. Thus,
there were actually two fracture cones, the outer one which permitted the center portion of
the window to separate from the ring-shaped fragment retained by the flange, and the inner
one whic' allowed a conical cavity to be created on the low-pressure face of the window.
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Figure B-34. Failed 1-inch-diameter, 150°, 0.25 t/D ratio
windows, low-pressure faces.

Figure B-35. Failed 1-inch-diameter, 150°, 0.25 t/D ratio
windows, high-pressure faces.
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Figure B-36. Failed 1-inch-diameter, 150°, 0.5 t/D ratio
window, low-pressure face.

Figure B-37. Failed I-inch-diameter, 150", 0.5 t’/D ratio
window, high-pressure face.
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Figure B-38. Failed 1-inch-diameter, 1507, 0.625 t "D ratio
window, low-pressure face.
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Fizure B-39. Failed 1-inch-diameter. 1347, 0.623 t D ratio
window,. high-pressure face.
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Figure B-40.

Arrested failure of 1-inch-diameter, 150°, 0.625 t/D ratio
window at 24, 000 psi, low-pressure face.

Figure B-41. Arrested failure of 1-inch-diameter, 150°, 0.625 t.’D ratio window at 24, 000
psi, high-pressure face. (Cold-flow crater bounded by outer fracture cone.)
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Figure B-42. Arrested failure of 1-inch-diameter, 150°, 0.625 t/D ratio window at 24, 000
psi, high-pressure face. (No cold-flow crater beyond outer fracture cone.)

y % Deep Ocean Engineering Div. '

Failed 4. 5-inch-diameter. 60°, 0.25 t ‘D ratio window,
low-pressure face. with center portion alongside.

Figure B-43.
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Figure B-44. Failed 4. 5-inch-diameter, 60 . 0.25 t ‘D ratio window,
high-pressure face. with center portion alongside.

Eight-Inch-Diameter. 90° Con.cal Windows

When the 8-inch~diameter. 4-inch-thick conical window with 90° included angle was
subjected to increasing hydrostatic pressure. 1t failed by fracturing (Firure B-45) mn a
manner similar to 1-inch-diameter windows of the same t D ratio (0. 5) and included angle.
The failurc of the two types of windows at the same critical pressure lends considerable
affirmation to the postulate that the cr. ical pressure data obtained with 1-inch-ciameter
conical windows 15 applicable to larger conical windows provided they have the same included
angle and t "D ratio.
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Failed 8-inch-diameter, 90°, 0.5 t'D ratio window,

gure B-45.
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Appendix C

STATISTICAL EVALUATION OF THE SIZE OF THE SAMPLE GROUPS

To conduct a cneck as to whether the avevage of five experimental values is an adequate
representation of the experimentally determ...cu variable, ten specimens instead of five were
tested for the 30° and 90° conical windows with a 0.5 t/D nominal ratio. The average
critical pressure of the first five 30° windows tested was 8, 600 psi (Table G-4, Appendix G)
while that of the second five windows was 7, 270 psi (Table G-5, Appendix G). When
statistical methods were applied to detc- ...ine the significance of the difference between the
two means, it was found that the standard error of the difference was 366 psi. Since the
difference between the means was 330 psi, and thus less than three standard errors of the
Jifference for these two groups, it evidently resulted from chance and was of no significance.

The same type of analysis of experimental data derived from testing of two groups of
90° windows with five 0.5 t/D ratio windows in each (Tables G-20 and G-21, Appendix G)
showed that the difference betwe 1 the average critical pressures of 16, 820 and 15, 940 of the
two groups was 880 psi, while the standard error of the difference amounted to 700 psi. This
indicated that the difference between the average critical pressures of the two 90° window
groups was also due solelv to chance, since the difference betweeen the average critical
pressures of the two gro. u¢ was less than three standard errors of the difference for these
two groups, and hence of no significance. Since the testing of an additional five windows of
the same t/D ratio did not produce critical pressures that would be significantly different
from the ones obtained by testing a single group of five windows, it can be postulated that the
size of the window sample groups of same t/D ratio used in this study was sufficiently large
and representative.
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Appendix D

TEMPERATURE INFLUENCE EVALUATION TESTS

Besides the special tests performed on the 30° and 90° windows with a 0.5 t/D ratio to
determine whether the experimental data produced by groups of five windows was repeatable,
if additional groups of five were tested, tests were also performizd to dotermine whether
variation in the temperature of the mounting flange and the water adjacent to the window had
significant influence on the critical pressure of the windows.

Low-temperature tests were conducted on a group of 30° windows with a 0.5 t/D ratio
(Table G-6, Appendix G). The average critical pressure of the windows tested at tempera-
tures of 35° to 40°F was higher than the average critical pressure of identical windows at
64° to 70°F in the standard temperature range (Table G-4, Appendix G) by 1,950 psi. When
the standard error of the means was calculated for the critical pressures resulting from the
low- and room-temperature tests, it was found to be 417 psi. Since the difference between
the means of the low- and the room-temperature critical pressures was 1,950 psi, that
difference was indicated as not due to chance but to some variable. Because no other
additional variable was introduced into the tests other than temperature, it can be safely
assumed that the difference in average critical pressures between the low- and
room-temperature groups was caused by the influence of low temperature on the mechanical
properties of acrylic plastic.
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Appendix E

APPLICABILITY OF 1~-INCH-DIAMETER WINDOW TEST DATA
TO WINDOWS OF LARGER SIZES

The series of windows for the experimental validation of the t,'T) scaling ratio consisted
of 2-inch-diameter, 30° windows with 0. 125, 0,25 and 0.5 t/D ratios; 4. 5-inch-diameter,
60° windows with 0, 125, 0.25 and 0.5 t/D ratios; and 8-inch-diameter, 90° windows with
0.5 t/D ratios. It was reasoned that if the average critical pressures for these larger
windows were approximately the same as for 1-inch-diameter windows of the same shape and
/D ratio, then the assumption that the t/D ratio is a valid scaling ratio would have been
substantiated. ’

For the performance of critical pressure tests on the 2-inch-, 4.5-inch-, and 8-inch-
diameter windows, the same experimental arrangement was followed as for the
1-inch-diameter windows except that larger mounting flanges of DOL Type I were used
(Figures E~1, E-2, and E-3). Windows were fabricated again from Grade G Plexiglas to the
same machining tolerances specified for the 1-inch-diameter windows. After being mounted
in the appropriate flanges and subjected to the same experimental testing procedures as the
1-inch windows, the larger diameter windows were pressurized to failure.

A sufficient number of window specimens were so tested and compared in their critical
pressures and displacements with 1-inch-diameter windows having the same t/D ratio and
angle, that the relationship between the experimentally derived values for different window
diameters could be established with reasonable confidence. The critical pressure curves
(Figures 10, 12, 14, 16, 18) based on experimental data obtained with 1-inch-diameter
windows were found to predict directly with reasonable accuracy the critical pressures of
windows with diameters larger than 1 inch (Figures 20 and 22), provided they are composed
of the same material, have the same t/D ratio and angle as the 1-inch-diameter windows, and
are tested in DOL Type I mounting flanges.

The displacement curves based on experimental data derived from testing
1-inch~diameter windows (Figures 11, 13, 15, 17, and 19) do not predict directly the
displacements of windows with a diameter larger than 1 inch (Figures 21 and 23). The
displacements of windows with the same t/D ratio and angle bat a diameter larger than 1 inch,
however, are in the elastic range approximately proportional to the minor diameter of the
window.
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Appendix F

EVALUATION OF OTHER WINDOW MOUNTING FLANGE CONFIGURATIONS

Since the configuration of the transition zone between the conical and the cylindrical
cavities in the mounting flange may have cunsiderable influence on the critical pressure of
conical windows, several exploratory tests were conducted to determine whether a departure
from the DOL Type I flange cavity contiguration would influence greatly the critical pressure
of conical windows under short-term hydrostatic loading. Although many flange cavity
configurations are feasible for conical windows, only one in addition to the DOL Type I was
utilized for exploratory investigation.

The second configuration, called DOL Type II, differed from Type I in only one vital
respect. Type I was characterized by a long cylindrical cavity adjoining the conical cavity,
with the same diameter as the minor diameter of the conical cavity, to provide the displaced
portion of the window with radial support. Inthe DOL Type II configuration the cavity
receiving the displaced portion was flared, with its diameter increasing beyond the juncture
of the two cavities (Figure F-1). Thus, the window displaced portion was not provided with
any radial support, and tended {0 separate from the window body retained in the flange conical
cavity.

The exploratory tests conducted with 1-inch-diameter, 30° windows in a flange of the
DOL Type II configuration showed that the window critical pressures were considerably lower
than those obtained from testing the same windows in DOL Type I {langes. A comparison of
the critical pressures of the 1-inch-diameter, 30° windc . witha t/D of 1.0 in both types of
flanges is as follows: DOL Type I - 27, 600 psi; DOL Type H - 22, 169 psi. Complete data on
windows tested in DOL Type II configuration flanges are presented in Tables G-11 and G-37,
Appendix G.

Since the flange configuration has such a pronounced effect on the critica. pressure of
the window, 1t is mandatory that whenever a designer wishes to apply critical pressure data
from this report to a full-size window in deep submergence structure or pressure vessel, he
must provide it with a DOL Type I flange. Inorder to achieve maximum critical pressure,
the length of the cylindrical cavity in a full-size window flange must be equal to or greater
than the maximum displacement that the particular window would experience prior to failure.
The magnitude of the window displacements for 1-inch-diameter windows (Tables G-1 through
G-10 and G-12 through G-33, Appendix G) would have to be scaled to the diameter of the
window used in an actual application. The method for approximate scaling of displacements
is presented in Appendix E.
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Appendix G
DATA FROM THE TESTING OF CONICAL ACRYLIC WINDOWS

(Tables G-1 Through G-40)
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of 0.125, in DOL Type I Flange

Table G-1. Test Data on 1-Inch-Diameter, 30° Windows With t/D Ratio

Specimen Number Maximum | Average | Minimum
1 2 3 4 5 Value Value Value
Thickness, t (in.) | 0.129 ] 0.137] 0.135{ 0. 140 | 0. 153 0.153 0.138 0.129
Temperature (°F) 65 69 68 68 66 69 67 66
or f:s(;;ij;tig;‘ 750 | 555 | 500 | 600 | 800 800 642 500
Pressure (psi) Axial Displacement of Center Point on Window Low-Pressure Face (in.)

(All failed at p

ressures below 1, 000 psi}—————

Pressure at

Failure (psi) 800 250 850 750 880 850 826 750
Table G-2. Test Data on 1-Inch-Diameter, 30" Windows With t/D Ratio
of 0.25 in DOL Type I Flange
Specimen Number Maximum | Average | Minimum
6 7 8 9 10 Value Value Value
Thickness, t (in.) | 0.250 | 0.253 | 0.250 | 0.250 | 0. 251 0.253 0.251 0.250
Temperature (*°F) 65 61 63 66 67 67 65 61
Pressurization
Rate (psi/min) 800 680 700 740 680 800 720 680
Pressure (psi) Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.009 | 0.011 | 0.009 | 0.011 { 0.012 0.00S 0.010 0.012
2,000 0.020 | 0.025 | 0.025 | 0.030 | 0.030 0.020 0.026 0.030
3,000 0.042 | 0.050 | 0.050 | 0.054 | 0.053 0.042 0.050 0,054
Pressure at =
Failure (psi) 4,200 | 3,900 | 3,850 | 3,900 | 3,750 4,200 3,900 3,150
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Table G-3. Test Data on 1-Inch-Diameter, 30° Windows With t/D Ratio
of 0,375, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum
11 i2 13 14 15 Value Value Value
Thickness, t (in.} | 0.344 | 0.348 | 0.340 | 0.338 | 0.340 0.348 0.342 0.338
Temperature (°F) 62 68.5 64 66 64.5 68.5 65 62
Pressurization 560 | 570 | 630 | 690 | 650 690 615 560

Rate (psi/min)

Pressure (psi)

Axial Displacement of Center Point on

Window Low-Pressure Face (in.)

1,000 0.011]0.021 | 0.020 }0.012 ] 0.013 0.021 0.015 0.011
2,000 0.025 § 0.027 | 0.034 | 0.026 | 0.029 0.034 0.030 0. 025
3,000 0.041 | 0.04710.044 | 0.042 ; 0.045 0. 047 0.044 0.041
4,000 0.062 } 0.065 | 0.068 | 0.062 | 0.069 0.069 0.065 0.062
5,000 0.124 | 0.135]0.100 } 0.100 | 0.130 0.135 0.118 0.100
Pressure at =
Failure (psi) 5,200 } 5,250 | 5,600 | 5,100 | 5,300 5,600 5,300 5,100
Table G-4, Test Data on 1-Inch-Diameter, 30° Windows With t/D Ratio
of 0.5, in DOL Type I Flange
Specimen Number Maximum | Average | Minimum
16 17 18 19 20 Value Value Value
Thickness, t (in.) | 0.510 | 0.490 | 0.480 | 0.488 | 0.488 0.510 0.490 0.480
Temperature (°F) | 68.5 | 69.9 | 70.0 | 66.0 | 64.0 70 68 64
Pressurization | 15 | 639 | 675 | 780 | 905 975 720 610

Rate (psi/min)

Pressure (psi)

Axial Displacement of Center Point on

Window Low-Pressure Face (in.)

1,000 0.005 | 0.005 | 0.006 [0.005 [0.005] ©.006 | 0.005 | 0.005
2,000 0.015 | 0.011 | 0.014 [0.010 {0.010| o0.015 | o0.012 | 0.010
3,000 0.028 |0.020} 0.019 [0.015 [ 0.015| o0.028 | 0.020 | o0.015
4,000 +40.040 | 0.031 | 0.034 | 0.020 |0.020| o0.040 | 0.031 | 0.020
5, 000 0.053 | 0.044 | 0.055 {0.034 | 0.029| 0.055 | 0.042 | 0.029
6, 000 0.072 |0.060 | 0.073 |0.058 [ 0.045| ©0.073 | o0.060 | 0.045
7,000 0.092 {0.079 | 0.095 [0.130 [ 0.070| 0.130 | 0.093 | 0.070
8,000 0.116 |0.110| 0.135 0.120] 0.135 | 0.i20 | o0.110
g;;ﬁ‘:?pgg) 9,200 | 8,800 | 8,700 | 7,700 | 8,600 | 9,200 8,600 | 8,300

69




Table G-5. Test Data on 1-Inch-Diameter, 30° Windows With t/D Ratio of 0.5,
in DOL Type I Flange: Sample Group Size Validation Tests

ecimen Number - -
Sp € Maximum | Average | Minimum

21 22 | 23 24 25 Value Value | Value

Thickness, t (in.) ] 0.500 | 0.490 | 0.512 | 0.497 | 0.515 0.515 0.503 0.490

Temperature (“F) 66 70 73 T2 72 3 70 66

Pressurization

Rate (psi/min) 980 740 | 1,000 | 940 332 1,000 800 332

Pressure {psi) Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.010 | 0.003 | 0.010 | 0.005 | 0.004 | 0.010 | 0.006 | o.003
2,000 0.020 | 0.009 | 0.015 [0.010 | 0.008| ©0.020 | ©0.012 | 0.009
3,000 0.0300.020 0.027 |0.026 | 0.012| 0.030 | 0.023 | 0.012
4,000 0.042 | 0.032 0.040 | 0.035 | 0.026 | 0.042 | 0.035 | 0.026
5,000 0.055 [ 0.048 | 0.050 [0.047 {0.048| 0.055 [ 0.050 [ 0.047
6,000 0.075 | 0.072] 0.071 {0.069 | 0.080| 0.080 | 0.073 | 0.069
7,000 0.1100.150| 0.105 { 0.130 } 0.150| 0.150 | 0.129 | 0.105
8,000 0.310

Pressure at

Failure (po) | 8300 | 7,400 8,000 | 9,400 | 8,300 | 9,400 8,270 | 17,400




Table G-6. Test Data on 1-Inch Diameter, 30° Windows With t/D Ratio of 0.5,
in DOL Type I Flange: Low-Temperature Tests

Specimen Number

Rate (psi/min)

Maximum | Average | Minimum
% o7 28 29 30 Value Value Value
Thickness, t (in.) | 0.512 | 0.494 | 0.408 | 0.482 | 0.514| 0.514 0.501 | 0.489
Temperature (°F) 38 36 35 40 40 40 38 35
Pressurization | o0 | 500 | g0 | 715 | 653 713 619 500

Pressure (psi)

Axial Displacement of Center Poi

nt cn Window Low-Pressure Face (in.)

1,000 0.006 | 0.005 | 0.006 | 0.010 |-0.005| o0.010 | 0.006 | o0.003
2,000 0.009 | 0.015 | 0.016 | 0.015 | 0.008 | o0.016 | 0.013 | 0.008
3,000 0.014 | 0.019 | 0.025 | 0.020 | 0.c14| o0.025 | 0.018 | 0.014
4,000 0.022 | 0.031] 0.039 | 0.020 } 0.030| 0.039 | 0.030 | o0.c22
5,000 0.041 | 0.039 | 0.050 | 0.040 | 6.935| 0.050 | 0.041 | 0.035
6,000 0.045 | 0.048 | 0.057 | 0.050 | 0.054| 0.057 | v.051 | 0.045
7,000 0.060 | 0.060 | 0.075 | 0.070 | 0.075{ 0.075 | 0.068 | 0.060
8, 000 0.081 | 0.083 | 0.090 | 0.090 | 0.080] o0.080 | 0.085 | 0.080
9, 000 0.117 | 0.108 | 0.112 | 0.125 | 0.005| o0.125 | 0.112 | 0.095
10, 000 0.250 | 0.110 | 0.148 | 0.250 | 0.130] o0.250 | 0.178 | o.110
11, 000 0. 200
12, 000 0.350
Pressure al 1,4 000 | 10, 600 | 12,200 |10,200 | 9,800 | 12,200 | 10,350 | 9,800

Failure (psi)




Table G-7. Test Data on 1-Inch-Diameter, 30° Windows With t/D Ratio
of 0.625, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum

31 32 | 133 34 35 Value Value Value

Thickness, t (in.) { 0.624 | 0.632 | 0.627 | 0.630 | 0.625 0.632 0. 628 0.624
Temperature(°F) | 67 6'7 67 66 62 67 65 62
g;f:s(;gjﬁgg)“ 650 | 665 | 700 | 590 | 630 705 650 590

Pressure (psi) Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.015 | 0.008 | 0.012 | 0.011 | 0.018 0.018 0.013 0.008

2,000 0.024 | 0.012 | 0.021 | 0.022 | 0.026 0.026 0. 021 0.012

3,000 0.032 | 0.020 | 0.030 | 0.031 | 0.036 0.036 0. 030 0.020

4,000 0.043 | 0.028 | 0.039 | 0.040 | 0.047 0.047 0.039 0.028

5,000 0.052 | 0.040 | 0.049 | 0.049 | 0.054 0. 054 0. 049 0.040

6,000 0.063 | 0.046 | 0.058 | 0.060 | 0.065 0. 065 0.058 0.046

7,000 0.077 | 0.058 | 0.069 | 0.072 | 0.076 0.077 0. 070 0.058

8,000 0.092 | 0.070 | 0.082 | 0.087 | 0.090 0.09? 0. 084 0.070

9, 600 0.110 | 0.088 | 0.098 | 0.104 | 0.104 0.104 0.098 0.088

10, 000 0.140 | 0.106 | 0.118 | 0.130 | 0.123 0.140 0.123 0.106

11,000 0.175 | 0.121 | 0.145 | 0.162 | 0.150 0.162 0. 151 0.121

12,000 0.235 | 0.165 | 0.183 | 0.205 | 0.189 0.235 0.195 0.165

13,000 0.355 | 0.221 | 0.235 | 0.280 { 0.250 0.355 0. 269 0.221

14,000 0.340 § 0.340 | 0.370 | 0.380 0.380 0. 357 0.340

g;flisr‘;r fpg; 13,800 | 14,800 | 14,900 | 15,300 | 14,900 15,300 | 14,700 | 13,800




Table G-8. Test Data on 1-Inch-Diameter, 30° Windows with t/D ratio
of 0.75, in DOL Type I Flange

Specimen Number Maximum | Average | Minimum
36 57 38 39 40 Value Value Value
Thickness, t (in.) | 0.727 | 0.726 | 0.721 | 0.740 | 0.730 0.740 0.728 0.726
Temperature(“F) 70 68 T4 65 68 T4 69 65
Rate ooty | 590 | 635 | 70 | 7a0 | 630 [ 770 670 630
Pressure (psi)  Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.003 | 0.005 ] 0.007 } 0.015 | 0.011| 0.003 0.008 0.015
2,000 0.008 | 0.011 ] 0.015 | 0.025 | 0.021 0.008 0.016 0.025
3,000 0.014 | 0.016 | 0.018 | 0.033 | 0.030 0.014 0.022 0.033
4,000 0.022 1 0.025 | 0.022 | 0.041 | 0.040 0.022 0.030 0.041
g, 000 0.032| 0.033{ 0.028 | 0.050 | 0.049] 0.028 0.039 0.050
6,000 0.041| 0.043 | 0.037 | 0.057 | 0.060 0.037 0.048 0.060
7,000 0.053 1 0.055 ] 0.046 | 0.066 | 0.071! 0.053 0.0:3 0.071
8,000 0.067| 0.068 | 0.059 | 0.078 1 0.085 0.067 0.072 0.078
9,000 0.084 | 0.082 | 0.075°| 0.095 | 0.100| 0.075 0. 087 0.100
10, 000 0.104 | 0.099] 0.095 | 0.115 | 0.121] 0.099 0. 107 0.121
11,000 0.130} 0.121 0,118 | 0.132 | 0.150] 0.118 0. 130 0.150
12,000 0.160] 0.147 )] 0.160 | 0.153 | 0.190 0.147 0.162 0.190
13,000 0.197} 0.179{ 0.230 | 0.179 | 0.245 0.179 0. 206 0.245
14, 000 0.251| 0.210} 0.330 | 0.209 | 0.328] 0.210 0. 265 0.330
15,000 0.335] 0.257 | 0.440 ] 0.250 | 0.415} 0.250 0.339 0.440
Pressure al 146 100 17,650 | 16,000 | 17,750 | 16,000 17,750 | 16,680 | 16,000
Failure (psi) ’ ? ’ ’ ’ ' ! ’
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Table G-9. Test Duta on 1-Inch-Diameter, 30° Windows With
t/D Ratio of 0.875, in DOL Type I Flange

Specimren Number

Maximum | Average | Minitaum

41 49 43 44 45 Value Value Value

Thickness, t (in.) | 0.889 | 0.8:° ! 0.879 | 0.880 | 0.877 0.889 0. 860 0.8117
Temperature (" F) 70 i 70 64 68 64 70 66 64
T f:s(;;:;amtiﬁ)“ 935 | 725 | 642 | mi2 | 696 935 742 642

Pressure (psi) | Axiul Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.003 | v.000 | 0.004 | 0.000 | 0.000 0.004 0. 002 0. 000

2,000 0.004 | 0.010 | 0.007 | 0.005 | 0.006 0.010 0. 005 0. 004

3, 000 0.008 | 0.017 | 0.010 | 0.010 | 0.014 0.017 0.012 0.008

4, 000 0.014 | ¢ n19 | 0.014 | 0.015 | 0.021 0.021 0.017 0.07.

5,000 0.019 | 0.024 | 0.022 | 0.020 | C.032 0.032 0. 023 0.019

6, 000 0.025 | 0.030 | 0.030 | 0.029 | 0.042 0.042 0.032 0.025

7,090 0.033 | 0.048 | 0.039 | C.031 | 0.046 0.048 0. 039 0.031

8,000 0.042 | n.053 | 0.049 | 0.042 | 0.055 0.055 0.048 0.042

3,000 0.062 | 0.059 | 0.059 | 0.055 | 0.067 0. 067 0. Lu0 0. 059

10, 000 0.065 | 0.068 | 0.072 | 0.068 | 0.076 0. 076 0. 070 0. 065

11, 000 0.077 | 0.083 | 0.086 | 0.078 | 0.096 0.096 C. 084 0.077

1z, 090 0.094 } 0.105 | 0.102 | 0.098 | 0.109 0.109 0.102 0. 094

13, 000 0.118 ] 0.125) 0.120 | 0.120 | 0.124 0.124 0.121 0.118

14, 000 0.153 | 0.160 | 0.142 | 0.152 | 0. 142 0.160 0. 143 0.142

15,000 G.20s | 0.197, 0.165 ] 0.190 | 0. 164 0.203 0.183 0.164

16, 000 0.253 | 0.245] 0.194 | 0.231 | 0.198 0.253 0. 225 0.194

17,000 0297 ] 0.288 | ¢ 224 | 0.280 | 0.242 0.297 0.267 0.224

18, 000 0.337] 0.328 | 0.262 | 0.320 | C.302 0.377 0.310 0. 262

19, 000 0.398 | 0.376 | 0.300 | 0.372 | 0.347 0.399 0.359 9.300

26, 000 0.55¢ 0.455 | 0.328 | 0.440 | 0.390 0.750 0.4317 0.328

21,000 0,940 | 0.358 | 0.840 | 0.4060 0.940 0.518 0.358

f:flsusr‘:(*ps’l) 20,300 | 21,200 | 23,300 | 21.000 | 22,500 | 23,300 | 21,800 | 20,300

b
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Table G-10. Test Data on 1-Inch-Diameter, 30 Windows With
t/D Ratio of 1. U, in DOL Type I Flange

Specimen Number Maximum | Average | Minimum
46 41 48 49 50 Value Value Value
Thickness, t (in.) | 0.950 { 0.978 | 0.977 | 0.980 | 0.969 0.980 0.970 0.950
Temperature (*F) 61 65 72 72 73 13 69 61
g;fess(;:ifi:ig;‘ 500 | 610 | 715 | 600 | 640 715 613 500
Pressure (ps1) |Axial Displacement of Center Puint pn Window Luw-Pressure Face (in.)
1,000 0.005 { 0.006 | 0.004 | 0.005 | 0.007 0.007 0. 005 0. 004
2,000 0.008 | 0.007 | 0.008 [ 0.009 | 0.010 0.010 0. 008 0.007
3,000 0.016 | 0.009 | 0.011 { 0.011 { 0.013 0.016 0.012 0.011
4,000 0.025 | 0.015 | 0.014 | 0.014 | 0.017 0. 025 0.017 0.014
5,000 0.034 | 0.023 | 0.024 | 0.019 | 0.025 0.034 0. 025 0.019
6,000 ¢ "33 10,0321 0,026 | 0,025 ] 0.030 0.041 0.031 0.025
7,000 0.048 | 0.043 | 0.035 | 0.032 | 0.040 0.048 0. 040 0.032
8,000 0.958 | 0.045 | 0.047 | 0.038 | 0.042 9.058 0. 046 0.038
9,000 0.069 { 0.056 | 0.061 | 0.047 | 0.054 0. 069 0. 057 0. 047
10,000 0.083 | 0.066 | 0.071 | 0.057 | 0.062 0.083 0.068 0. 057
11,000 0.097 { 0.079 | 0.088 | C.066 | 0.080 0. 097 G. 082 0. 066
12,000 0.107 § 0.100 | 0.105 | 0.077 | 0.096 0.107 0. 097 0,090
13,000 0.117 ] 0.116 | 0.116 | 9.090 | 0.115 0.117 0.110 0. 096
14,000 0.128 | 0.133 | 0.137 | 0.104 | 0.125 0.137 0.125 0.104
15,000 0,138 | 0.159 | 0.151 | 0.117 | 0. 140 0.159 0.141 0.117
16,000 0.154 | 0.193 { 0.174 | 0.134 | 0. 180 0.193 0.167 0.134
17,000 0.169 | 0.218 | 0.195 | 0.150 | 0.198 0.218 0.186 0.150
18,000 0.187 | 0.253 | 0.211 | 0.176 | 0.238 0. 253 0.213 0.176
16,000 0.207 { 0.290 ) 0.236 | 0.203 | 0.247 0.290 0.236 0.203
20,000 0.231 | 0.307 | 0.257 | 0.232 | 0.300 0.307 0. 265 0.232
21,000 0.263 | 0.325 § 0.293 | 0.263 | 0.310 0.325 0.291 0. 263
42,000 0.302 | 0.340 | 0.307 { 0.300 | 0.331 0.340 0.316 0.300
23,000 0.360 | 0.363 ] 0.364 | 0.321 | 0.358 0.364 0.353 0.321
24,000 0.463 | 0.398 | 0.490 | 0.345 | 0.400 0.490 0.419 0.345
25,000 0.515 ] 0.466 | 0.520 | 0.480 | 0.471 0.520 0.490 0.466
26,000 0, 548 0.570 | 0.550 { 0.562 0.570 0.557 0.548
27,000 0.640 0.670 | 0.650 | 0.660 0.670 0.655 0.640
g; fﬁf’r“e‘?)g:) 29,190 | 26,100 | 27,600 | 28,200 | 27,000| 29,100 | 27,600 | 26,100
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Table G-11, Test Data on 1-Inch-Diameter, 30° Windows With t/D Ratio
of 1.00, in DOL Type II Flange: Exploratory Tests

Specimen Number

Maximum | Average | Minimum
51 52 53 54 55 Value Value Value
Thickness, t (in.) | 0.969 | 0.960 | 0.964 | 0.962 | 0.969| 0.969 0. 964 0.960
Temperature (“F) 64 65 65 65 65 65 64
g;f:?;;i%iﬁ)“ 791 | 741 | 656 | 783 . 191 743 656
Pressure (psi) Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.001 | 0.002 | 0.001 | 0.002 0. 002 0. 002 0.001

2,000 0.009 | 0.011 | 0.009 | 0.010 0. 001 0. 008 0.009

3,000 0.016 | 0.016 | 0.017 | 0.016 0.017 0. 016 0.016

4,000 0.019 | 0.022 | 0.024 } 0.023 0.024 0. 022 0.019

5,000 0.027 | 0.030 | 0.030 | 0.030 0.030 0. 029 0.027

6, 000 0.040 | 0.036 | 0.037 | 0.036 0.040 0. 037 0.036

7,000 0.049 | 0.044 | 0,044 | 0.042 0.049 0. 045 0.042

8,000 0.057 {0.050 { 0.053 | 0.051 0.057 0.053 §.050

9, 000 0.068 ] 0.062 | 0.062 | 0,060 0.068 0. 063 0.060

10, 000 0.07¢ | 0.069 | 0.070 | 0.069 0.079 0.072 0.069

11,000 0.093 | 0.078 | 0.082 | 0.080 0. 093 0. 083 0.078

12, 000 0.108 | 0.089 | 0.095 | 0.091 0.108 0. 096 0.089

13,000 0.125 | 0.099 ] 0.107 | 0.103 0.125 0.109 0.099

14, 000 0.144 | 0.110 | 0.125 | 0.112 0. 144 0.123 0.110

15, 000 0.165 | 0.122 | 0.141 | 0.130 0. 165 0. 140 0.122

16, 000 0.194 | 0,136 | 0.158 | 0.146 0.19%4 0. 159 0.136

17,000 0.223 10.152 | 0.181 | 0.162 0.223 0.180 0.162

18, 000 0.280 | 0.172 | 0.204 | 0.180 0. 280 0. 209 0.172

19, 000 0.195 | 0.231 | 0.199 0.195 0. 208 0.195

20, 000 0.217 ] 0.273 | 0.219 0. 217 0. 236 0.217

21, 000 0.250 | 0.325 | 0.245 0.325 0.2173 0.245

22,000 0.285 0.277 0.285 0. 281 0.2717

23, 000 0.415 0.351 0.415 0.383 0.351

Pressure at |50 595 93 00p | 21,300 | 23,500 23,500 | 22,169 | 20,575

Failure (psi)
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Table G-12. Test Datd on 1-Inch-Diameter, 60° Windows With
t/D Ratio of 0.125, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum
56 57 58 50 60 Value Value Value
Thickness, t (in.) | 0.138 | 0.1360.127] 0.141} 0.132 0. 141 0.135 0.127
Temperature (°F) 68 69 169.5 ] 67.5 70 70 69 68
Pressurization
Rate (psi/min) 581 671 750 674 635 750 662 581
Pressure (psi) Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 (Failed)] 0.047|0.038{0.037} 0.0752] 0.0752 0. 049 0.037
Pressure at
Failure (psi) 1,000 { 1,17511,350} 1,200} 1,150 1, 350 1,175 1,000
Table G-13. Test Data on 1-Inch-Diameter, 60° Windows With
t/D Ratio of 0.25, in DOL Type I Flange
Specimen Number Maximum | Average | Minimum
61 62 63 64 65 Value Value Value
Thickness, t (in.) | 0,246 | 0.247 | 0.245 { 0.247{ 0.246 0. 247 0.246 0.245
Temperature (°F) 1 68 70 65 68 1 68 65
Pressurization
Rate (psi/min) 651 645 638 630 640 651 641 630
Pressure (psi) Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.004 {0.00351 0.005 | 0.004| 0.004 0. 005 0. 004 0. 0035
2,000 0.015]0.008 | 0.008 | 0.007] 0.010 0. 015 0.0 . 0.007
3,000 0.028 10,017 | 0.012}0.015| 0.015 0. 028 0.017 0.012
4,000 0.044 1 0,030 | 0.027 | 0.028| 0.020 0. 044 0. 030 0.020
5, 000 0.105] 0.068 |} 0.053 | 0.057¢ 0.040 0.105 0. 064 0.040
Pressure at
Failure (psi) 5,100 (5,325 | 5,450 | 5,500 5,270 5, 500 5,280 5,100
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Table G-14. Test Data oﬁ 1-Inch-Diameter, 60° Windows With
t/D Ratio of 0. 375, in DOL Type I Flange

Specimen Number . -
P Maximum | Average | Minimum

66 67 68 69 70 Value Value Value

Thickness, t (in.) | 0.356 | 0.327 | 0.361 | 0.366 | 0.355 0. 366 0.352 0.327

Temperature (°F) | 67 68 70 72 64 72 68 64

Pressurization

Rate (psi/min) 664 709 665 780 633 | . 1780 690 633

Pressure (psi) Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.004 | 0.003 | 0.004 | 0.003 ] 0.004 0. 004 0. 0035 0 003
2,000 0.005 | 0.005 | 0.007 | 0.004 | 0.006 0. 007 0.005 0.004
3,000 0.007 ] 0.008 | 0.010 | 0.006 | 0.009 0. 009 0. 008 0.006
4,000 0.008 | 0.010 | 0.012 | 0.007 | 0.010 0.012 0.009 0. 007
5,000 0.010 | 0.012 | 0.014 | 0.011 | 0.012 0.014 0.012 0.010
6, 000 0.012 | 0.014 | 0.016 | 0.020 | 0.013 0.020 0.015 0.012
7,000 0.026 | 0.030 | 0.020 | 0.035] 0.018 0. 035 0. 026 0.018
8, 000 0.040 | 0.045 | 0.025 | 0.055 { 0.024 0. 055 0. 3 0.024

Pressure at

Failure (psj) | 800 | 7,800 9,150 | 8,850 | 8,500 | 9,150 | 8,620 7,800

78




Table G-15. Test Data on 1-Inch-Diameter, 60° Windows With
t/D Ratio of 0.5, in DOL Type I Flange

Specimen Number Maximum | Average | Minimum
71 79 73 4 75 Value Value Value
Thickness, t (in.) | 0.492 { 0.493 | 0.494 | 0.492 | 0.490 0.494 0.493 0,490
Temperature (°F) 66 69 69 69 67 69 68 66
Rats oty | 89 | 615 | ez | s | 985 985 736 | 669
Pressure (psi) |Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.004 | 0.007 | 0.005 | 0.00(4 | 0.001 0. 007 0. 005 0.001
2,000 0.005 | 0.010 | 0.007 | 0.005 { 0.0025| 0.010 0. 006 0.0025
3,000 0.007 | 0,012 | 0.008 | 0.008 | 0.005 0.012 0. 008 0.005
4, 000 0.008 | 0.013 { 0.010 | 0.010 | 0.008 0.013 0. 009 0.006
5,000 0.009 § 0,015 | 0.011 | 0.015 | 0. 007 0.015 0.011 0.007
6, 000 0,010 0.01;3 0.013 | 0.020 | 0.0075{ 0.020 0. 015 0.0075
7,G00 0.012 | 0.0i9 | 0.015 | 0.026 | 0.022 0.026 0. 019 0.012
8,000 0.014 | 0.022 | 0.017 | 0.032 | 0.028 0.032 0. 023 0.014
9, 000 0.016 | 0.034 | 0.023 | 0.04i | 0.036 0.041 0. 030 0.0186
10, 000 0.022 | 0.046 | 0.032 | 0.055 | 0. 046 0.055 0. 040 0.022
11,000 0.038 | 0.064 | 0.044 ; 0.079 } 0.048 0.079 0. 055 0.038
12,000 0.073 | 0.107 { 0.068 | 0.210 | 0.039 0.210 0.103 0.059
13,000 0. 260 0.113 0.979 0.260 0. 150 0.079
14, 000 8.610 0. 137 0.610 0.313 | 0.137
?;ﬁiﬁfﬁngs 13,350 | 13,000 | 14,450 | 12,600} 14,750| 14,750 | 13,650 | 12,600




Table G-16. Test Data on 1-Inch-Diameter, 130° Windows With
t/D Ratio of 0.625, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum
76 1 78 79 80 Value Value Value
Thickness, t (in.) | 0.626 | 0.632 | 0.627 | 0.626 | 0.623 0.632 0. 627 0.623
Temperature (°F) 68 70 70 65 73 73 69 65

g;f:s(;;;ﬁf:z;‘ 669 | 497 | 651 | 612 | 668 669 619 497

Pressure (psi) |Axial Displacement of Center Point on Window Low-Pressure Face (i1n.)

1,000 0.012 | 0.010 | 0.010 | 0.006 | 0.004 0.012 0. 008 0.004

2,000 0.014 | 0.012 | 0.014 | 0.008 | 0.005 0.014 0.012 0.005

3,000 0.0i16 | 0.014 | 0.018 | 0.010 { 0.007 0.018 0. 013 0.0017

4,000 0.018 | 0.016 | 0.022 | 0.012 | 0.008 0.022 0. 015 0.008

5, 000 0.018 | 0.025 | 0.026 | 0.014 | 0.010 0.026 0.019 0.010

6, 000 0.021 | 0.030 | 0.029 | 0.015 | 0.011 0.030 0. 021 0.011

7,000 0.023 | 0.032 | 0.033 | 0.017 | 0.013 0.033 0. 024 0.013

8, 000 0.027 | 0.037 { 0.037 | 0.019 | 0.015 0.037 0. 027 0.015

9, 000 0.031 | 0.043 | 0.041 | 0.024 | 0.017 0.043 0. 031 0.017

10, 000 0.035 | 0.047 | 0.046 | 0.038 | 0.018 0. 047 0. 037 0.018

11, 000 0.040 | 0.055 | 0.051 § 0.040 | 0.021 0. 055 0. 041 0.021

12,000 0.045 | 0.060 | 0.057 ) 0.042 | 0.024 0. 060 0. 046 0.024

13,000 0.052 | 0.067 { 0.062 | 0.050 | 0.028 0.067 0.052 0.028

14, 000 0.060 | 0.073 , 0.068 | 0.053 | 0.033 0.073 0. 057 0.033

15, 000 0.068 | 0.083 | 0.077 | 0.058 | 0.044 0.083 0. 066 0.044

16, 000 0.078 | 0.094 | 0.086 | 0.066 | 0.054 0. 094 0. 076 0.054

17, 000 0.088 | 0.104 | 0.097 | 0.077 | 0.067 0. 104 0. 087 0.067

18, 000 0.103 | 0.12C | 0.110}{ 0.088 | 0.083 0.120 0.101 0.083

19,000 0.119 | 0.147 | 0.134 | 0.109 | 0.108 0. 147 0. 122 0.108

20, 000 0.146 { 0.177 | 0.174 | 0.133 | 0.153 0.177 0. 157 0.146

21,000 0.205 | 0.220 | 0.246 | 0.173 | 0.250 0. 250 0. 219 0.173

22,000 0.330 | 0.280 | 0.305 | 0.247 | 0.358 0.358 0. 304 0.247

23,000 0.440 | 0.355 | 0.347 | 0.347 | 0.405 0.440 0.379 0.347

24, 000 0.518 | 0.410 | 0.390 | 0.391 ] 0.452 0.518 0.432 0.390

25, 000 0.435 ] 0.415 ] 0.415 0.435 0.422 0.415

26, 000 0.478 | 0.438 ] 0.459 0.478 0.485 0.458

27,000 0.494 0.484 0.484 0.484

28, 000 0.498 0.498 0.497 0.489

Pressure al 1,4 850 | 26,600 23,400| 28,100 24,500| 28,100 | 25,000 | 24.500

Failure {psi)
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Table G-17. Tes! Data on 1-Inch-Diameter, 90 Windows With

t/D Ratio of 0.125, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum
81 89 83 84 85 Value Value Value
Thickness, t (in.} { 0.147 | 0.134 | 0.140} 0.138] 0.110 0.147 0.134 0.110
Temperature( F) | 74.3 | 73.4 | 72.5 | 72.5 | 172.5 74.3 73.2 72.5
Pressurization
Rate (psi/min) 700 708 620 665 625 708 664 620

Pressure (psi)

Axial Displacement of Center Pouint on Window Louw-Pressure Face (in.)

(Failed below

(Failed below

1.000 1,000 psi) 0.018 1.000 psi)
Pressure at 1,000 | 800 | 800 | 1.150| 600 1.150 870 600
Failure (psi)
Table G-18. Test Data on i-Inch-Diameter, 90 Windows With
t/D Ratio »f 0. 25 1, buL Type I Fiange
Specimen Number Maximum | Average | Minimum
86 81 38 39 90 Value Value Value

Thickness. t (in.) | 0.260 ] 0.258 | 0.248 | 0.255} 0.254 0.260 0. 255 0.248
Temperature ('F) | 69.5 | €7.5 ] 68.0| 69.0| 70.5 69.5 68.9 617.5
Pressurization -
Rate (psi/min) 618 658 638 675 650 679 660 638

Pressure (psi)

Axial Displacement of Coiner Point on Window Low

-Pressure Face (in.)

1,000 0.005 | 0.003 | 0.003 | 0.007] 0.002 | 0.007 0.004 | 0.002
2,000 0.014 | 0.006 | 0.006 | 0.010] 0.005 | 0.014 0.008 | 0.005
3,000 0.022 | 0.012| 0.008 | 0.013] 0.010 | 0.022 0.013 | 0.008
4,000 0.031 { 0.022] 0.012} 0.017| 0.02¢ | 0.031 0.021 | 0.012
5,000 0.073 { 0.034 | 0.022| 0.022| 0.050 | 0.073 0.643 | 9.022
6,000 0.067 | 0.095 | 0.060 C. 095 0.074 | ©0.060

I‘:;ﬁsusr‘;’fp::) 5’300l6'300 6,100 | 6,200} 5,300 | 6.300 5,840 | =,300
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Figure G-19. Test Data on 'l-Inch-Diameter, 90° Wi.ndows With

t/D Ratio of 0.375, in DOL Type I Flange

Specimen Number

Failure (psi)

Maximum | Average § Minimum

91 99 93 94 95 Value Value Value

Thickness, t (in.) | 0.381 | 6.370 { 0.374 | 0.379 | 0.380¢ 0.381 0.377 0.370
Temperature (°F) | 75.2 71.6 76. 1 5.2 73.4 76.1 74.3 71.6

o fji;;:f;‘:g;‘ 661 | 674 | 613 | 672 | 668 | . 674 670 661

Pressure (psi) |Axial Displacement of Center Pcint on Window Low-Pressure Face (1n.)
1,000 0.009 | 0.008 | 0.010 | 0.006 | 0.005} 0.010 0. 008 0.005

2,000 0.011 | 0.012 ] 0.012 | 0.007 | 0.010] 0.012 0.010 0.007

3,000 0.013 | 0.014 | 0.014 | 0.009 | 0.013 0.014 0.012 ¢. 009
4,000 0.014 | 0.016 | 0.016 | 0.010 { 0.017 0.017 0.015 0.010

5,000 0.015 § 0.019 | 0.018 | 0.013 | 0.022| 0.022 0.017 0.013

6,000 0.017 § 0.022 | 0.020 | 0.016 | 0.027 | 0.027 0.022 0.016

7,000 0.037 |1 0.028 | 0.022 | 0.020 | 0.033| 0.037 0.028 0.020

8,000 0.039 | 0.036 | 0.025 | 0.026 | 0.039} 0.039 0.033 0.025

9, 000 0.042 | 0.043 | 0.030 | 0.033 | 0.047 0.047 0.039 0.030

10, 000 0.046 | 0.055 | 0.043 | 0.045 | 0.060] 0.060 0. 050 0,043
11,000 0.075 | 0.078 | 0.118 | 0.067 | 0.090] 0.118 0. 086 0.0€7
Pressureal |, a50112,150 11,250 {11,900 | 11,500 12,150 | 11,730 | 11,250
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Table G-20. Test Data on 1-Inch-Diameter, 90° Windows With
t/D Ratio of 0. 5, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum

96 a7 98 99 100 Value Value Value

Thickness, t (in.) | 0.511 | 0.516 | 0.490 | 0.480 | 0.481 0.516 0. 496 0.480
Temperature("F) | 71.6 68.4 65.3 63.5 69.8 71.6 67.7 63.5

o b e :;;;‘:g;‘ 657 | 664 | 662 | 667 | 675 675 665 657

Pressure (ps1) | Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.004 | 0.003 | 6.002 | 0.002 | 0.002 0.004 0. 003 0.002

2,000 0.008 { 0.007 { 0.004 | 0.003 | 0,004 0.008 0. 005 0.003

3,000 0.012 | 0.011 | 0.007 | 0.003 | 0.005 9.012 0. 008 0.003
4,000 0.015 | 0.015] 0.008 | 0.005 | 0.007 0.015 0.010 0.005
5,000 0.018 1 0.018 | 0.010 | 0.007 | 0.009 0.018 0.012 0.007

6,000 0.021 ] 0.021 | 0.011 | 0.009 | 0.012 0.021 0. 015 0.009

7,000 0.024 | 0.025 ] 0.013 | 0.013 | 0.017 0.025 0.018 0.013
8,000 0.027 | 0.028 | 0.015 | 0.016 | 0.020 0.028 0. 021 0.015

9, 000 0.031} 0.032 | 0.017 | 0.020 | 0.026 0.032 0. 025 0.017
10,000 0.035 | 0.036 | 0.019 } 0.024 | 0.031 0.036 0. 929 0.019
11,000 0.039 ! 0.041 | 0.023 | 0.029 | 0.037 0.041 0. 034 0.023
12,000 0.045 | 0.046 | 0.028 | 0.035 | 0.044 0.046 0. 040 0.028
13,000 0.051} 0.053 ] 0.035 | 0.042 | 0.058 0.058 0.048 0.035
14,000 0.058 | 0.062 | 0.046 | 0.051 | 0.077 0.077 0. 059 0.046
15,000 0.0693} 0.073 ] 0.065 § 0.073 | 0.122 0.122 0. 080 0.065

16, 000 0.086 ] 0.091{ 0.127 | G.114 0.127 0. 105 0.086
Pressure al = | 14 900 17,850 16,400 | 16,400 | 15,550] 17,900 | 16,820 | 15,550

Failure (psi)
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Table G-21. Test Data on 1-Inch-Diameter, 90° Windows With t/D Ratio of 0.5,
in DOL Type I Flange: Sample Group Size Validation Tests

Specimen Number Maximum | Average | Minimum

101 | 102 | 103 | 108 | 105 | Value [ Vale | Value

Thickness, t (in.) | 0.496 | 0.490 ] 0.512 | 0.482 | 0.515| 0.515 0.499 0.482
Temperature( F) 70 68 80 Vi 1 80 4 68
ey | 12 | 634 | e | 12 | 570 | 570 837 634

Pressure (psi) |Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.002 | 0.003 | 0.007 | 0.011 | 0.006 | 0.011 0. 006 0.002

2,000 0.003 | 0.005 ) 0.008 | 0.015} 0.007| 0.015 0. 007 0.003

3,000 0.004 | 0.006 { 0.009 | 0.018 | 0.009 | 0.018 0. 009 0.004

4,000 0.007 | 0.007 { 0.010 | 0.024 | 0.015 | 0.024 0.011 0.007

5,000 0.015 | 0.009 | 0.011 | 0.028 | 0.019 | 0.028 0.016 0.009

6, 000 0.018 | 0.010 § 0.012 | 0.031 | 0.022 ] 0.031 0.018 0.010

7,000 0.021 | 0.011 | 0.013 | 0.036 | 0.027 | 0.036 0.021 0.011

8,000 0.025 | 0.014 | 0.014 | 0.039 ] 0.030 | 0.039 0. 024 0.014

9,000 0.030 | 0.016 | 0.018 | 0.046 | 0.03¢ | 0.046 0. 028 0.016

10, 000 0.035 | 0.020 | 0.020 [ 0.053 | 0.039 | 0.053 0.032 0. 020

11, 000 0.041 § 0.026 | 0.023 | 0.062 | 0.044 | 0.062 0.038 0.023

12, 000 0.048 | 0.033 ] 0.031 | 0.076 | 0.051 | 0.076 0. 046 0.031

13,000 0.058 | 0.043 1 0.040 | 0.110 ] 0.060 | 0.110 0. 060 0. 040

14, 000 0.075 | 0.067 | 0.056 0.071 | 0.075 0. 065 0.056

15, 600 0.107 | 0.110 | 0.073 0.090 | 0.110 0. 090 0.073

gﬁﬁ‘;’fp:;) 15,850 | 15,700 | 16,550 | 13,850 [ 17,750 | 17,750 | 15,940 | 13,850




Table G-22. Test Data on 1~Inch-Diameter, »0° Windows With
t/D Ratio of 0.625, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum
106 107 108 109 110 Value Value Value
Thickness, t (in.) | 0.626| 0.632]| 0.633 ] 0.631] 0.631 0.633 0.631 0.626
Temperature(°F) | 67.1 65.3 67.1 62.6 65.3 67.1 65.5 62.6
Pressurization 669 | 702 | 851 | 93¢ | 613 934 754 613

Rate (psi/min)

Pressure (ps1)

Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1, 000 0.003 | 0.002 0.003 | 0.004| 0.004 0.003 | 0.002
2,000 0.007 ] 0.004 | 0.001 | 0.005| 0.007| 0.007 0.005 | 0.001
3,000 0.010| 0.005| 0.002 | 0.006| 0.010] 0.010 | 0.007 | 0.002
4,000 0.013 | 0.006{ 0.016 | 0.007 | 0.0i3| 0.016 0.011 | 0.006
5,000 0.015| 0.007| 0.016 | 0.008 | 0.v16| 0.016 | 0.012 | 0.007
6, 000 0.018 ] 0.008 ) 0.017| 0.009 | 0.019| 0.019 0.014 | 0.008
1,000 0.020| 0.009| 0.017| 0.011{ 0.022| 0.022 | 0.016 | 0.009
8,000 0.023 | 0.010| 0.018 | 0.012| 0.624 | 0.024 0.017 | 0.010
9,000 0.025 | 0.013 | 0.022| 0.013 | 0.027| 0.027 0.020 | 0.013
10, 000 0.029| 0.025 | 0.025 | 0.c14 | 0.031] 0.03 0.025 | 0.014
11, 000 0.031{ 0.026 | 0.027 | 0.015| 0.033| 0.033 0.026 | 0.015
12, 000 0.035 | 0.026 | 0.031 | 0.017 | 0.036 | 0.036 0.029 | 0.017
13,000 0.038 | 0.027 | 0.035 | 0.018 | 0.040 | 0.040 0.032 | 0.018
14, 000 0.042 | 0.027 | 0.038 | 0.019 | 0.043 | 0.043 0.03¢ | 0.019
15, 000 0.045 | 0.023 | 0.042 | 0.921 | 0.047 | 0.047 0.037 | 0.021
16, 000 0.049 | 0.047 | 0.047 | 0.022 ] 0.051 | 0.051 0.043 | 0.022
17, J00 0.053 | 0.049 | 0.052 | 0.024 | 0.055 | 0.055 0.047 | 0.024
18, 000 0.058 | 0.050 | 0.058 | 0.025 | 0.061 | 0.051 0.050 | v.025
19, 000 0.063 } 0.051 | 0.065 | 0.026 | 0.066 | 0.066 0.054 | 0.026
20, 000 0.070 | 0.072 | 0.071 | 0.028 | 0.071 | 0.072 | 0.082 | 0.028
21, 000 0.078 | 0.074 | 0.080 | 0.030 | 0.077| 0.080 | 0.068 | 0.030
22,000 '0.089 | 0.076 | 0.090 | 0.058 | 0.087 | 0.050 0.080 | 0.058
23,000 0.099 | 0.097 | 0.107 | 0.061 0. 107 0.091 | 0.061
24,000 0.108 | 0.118 | 0.127 | 0.065 | 0.120 | 0.127 0.108 | 0.065
25,000 0.120 | 0.140 | 0.154 | 0.069 | 0.133 | 0.154 0.123 | 0.069
26_000 0.140 | 0.186 | 0.192 | 0.083 0.192 | 0.150 | 0.083
21, 000 0.176 | 0.248 | 0.287 | 0.105 0.287 0.204 | 0.105
Pressure at o9 954 | 27,400 | 27,700 | 20,900 | 27, 100 29,900 | 28.190 | 27,100

Failure (psi)




Table G~23. Test Data on 1-Inch-Diameter, 120° Windows With
t/D Ratio of 0.125, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum

111 | 12| 13 | 114 | us | Valve Value | Value

Thickness, t (in.) | 0.120] 0.120] 0.121] 0.120} 0.120| o0.121 | o0.120 |{ 0.120
Temperature("F) | 63.5 64 63.5 63 63 64 63.4 €3
Pressurization 329 | 524 | 420 | 449 | 372 524 421 329

Rate (psi/min)

Pressure (psi)

Axial Displacement of Center Point on Window Low-Pressure Face (in.)

(All failed at pressures below 1, 000 psi}

Pressure 5 = P " e
Failure (psi) 850 750 750 750 850 850 760 750
Table G-24. Test Data on 1-Inch-Diameter, 120° Windows With

t/D Ratio of 0.25, in DOL Type I Flange
Specimen Number Maximum | Average ! Minimum
116 | 117 | 118 | 119 | 120 | Vlue | Value | Value
Thickness, t (in.) | 0.241 ] 0.240} 0.244 | 0.243 | 0.239 0. 244 0.243 0. 239
Temperature (“F) 63 64 61 61 61 64 62 61
Pressurization | 445 | 657 | 642 | 623 | 651 703 655 623

Rate (psi/min)

Pressure (psi)

Axial Displacement of Center Point on Window Low-Pressure Face {in.)

1,000 0.00¢ | 0.003] 0.002} 0.003| 0.002] w©.004 | o0.003 | c.002
2,000 0.007 | 0.006} 0.005{ 0.005| 0.005| ©0.007 | 0.006 | o0.005
3,000 0.012} 0.610| 0.009] 0.008| 0.009| o©0.011 | 0.009 | 0.008
4,000 0.024] 0.014] 0.015} 0.016| 0.024 | 0.017 | o0.014

Pressureat | 4 50614 400 4,950) 4,400} 4,350 | 4,950 | 4,320 | 3,500

Failure {psi)
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Table G-25. Test Data on 1-Inch-Diameter, 120° Windows With
t/D Ratio of 0.375, in DOL Type 1 Flange

Specimen Number Maximum | Average| Minimum
121 | 122 | 123 | 126 | 125 | Value | Value | Value
Thickness, t (in.) | 0.349 ] 0.331}{ 0.330| 0.328 | 0.337 0.349 0.335 0.328
Temperature(°F) | 65.5 | 65.5 67 61.4 | 62.7 67 64.4 61.4
ﬁ;ﬁfi‘ggﬁig‘ 716 | 717 | 833 | 680 | 674 823 124 674
Pressure (psi) |Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.002§ 0.002 | 0.002}0.001 | 0.002 0.002 0.002 0. 001
2,000 0.004 | 0.003 | 0.005]0.002 | 0.004 0.003 0. 004 0.602
3,000 0.005] 0.005 | 0.007 | 0.004 0. 006 0.007 0.005 0.002
4,000 0.008 | 0.007 | 0.009{0.006 | 0.008 0.009 0. 008 0.006
5, 000 0.009 | 0.009 | 0.01110.007 | 0.010 0.011 0.009 0. 007
§,000 0.012 ] 0.011] 0.013 {0.010 | 0.012 0.013 0.012 0.010
7,000 0.015} 0.014 | 0.01610.0i2 | 0.0i4 0.016 0.014 0.012
8,000 0.018} 0.018 ] 0.018 }0.016 | 0.017 0.018 0.017 0.016
9, 000 0.031) 0.031 | 0.029 |0.027 | 0.021 0.031 0.028 0.021
10, 000 0.054] 0.070 § 0.050]0.055 | 0.038 0.070 0.053 0.038
11, 000 0. 074
?;fﬁf;‘;’fpg:) 10,900 | 10,680 | 10,700 10,450 | 11,300| 11,300 | 10,806 | 10,450

87




Table G-26. Test Data on 1-Inch-Diameter, 120° Windows With
t/D Ratio of 0.5, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum

126 | 127 | 128 | 129 | 130 | Velue | Value | Value

Thickness, t (in.) | 0.490 | 0.490 | 0.483 | 0.493 | 0.493 | o0.493 0.490 | 0.483
Temperature (°F) | 67.5 | 68.0 | 69.0 | 67.5 | 66.5 69.0 67.1 66.5
g;f:s(g;fﬁiﬁ;‘ 666 | 665 | 669 | 657 | 671 671 666 657

Pressure (psi) |Axial Displacement of Center Point on Window Low-Pressure Face (in.)
i, 000 0.002 | 0.001 | 0.001 | 0.000| 0.001 | 0.002 0.001 | 0.000

2,000 0.005 | 0.002 | 0.003 | 0.001 { 0.002 | 0.005 0.003 | 0.001

3,000 0.005 | 0.003 | 0.004 | 0.003 | 0.004 | 0.005 0.004 | 0.003

4,000 0.006 | 0.005 | 0.005 | 0.004 | 0.005 | 0.006 0.005 | 0.004

5, 000 0.008 | 0.006 | 0,007 | 0.005 | 0.006 | 0.008 0.006 | 0.005

6, 000 0.009 | 0.008 | 0.008 | 0.007 | 0.008 | 0.009 0.008 | 0.007

7,000 0.010 | 0.009 | 0.010 | 0.008 | 0.009 | 0.010 0.009 | 0.008

8,000 0.011 | 0.011 , 0.012 | 0.009 | 0.010 | 0.012 0.011 | 0.009

9, 000 0.013 | 0.012 | 0.013 | 0.010 | 0.011 | 0.013 0.012 | 0.010

10, 006 0.014 | 0.014 | 0.014 | 0.012 | 0.013 | 0.014 0.013 | 0.012

11, 000 0.016 | 0.015 | 0.015 | 0.018 | 0.016 | 0.018 0.016 | 0.015

12, 000 0.017 | 0.017 | 0.017 | 0.020 | 0.017 | 0.020 0.018 | 0.017

15. 000 0.019 | 0.018 | 0.019 | 0.022 | 0.020 | 0.022 0.020 | 0.018

14, 000 0.022 | 0.045 | 0.021 | 0.032 | 0.025 | 0.045 0.0290 | 0.021

15, 000 0.025 | 0.048 | 0.025 | 0.035 | 0.031 | 0.048 0.033 | 0.025

16, 000 0.030 | 0.052 | 0.034 | 0.048 | 0.039 | 0.052 0.041 | 0.030

17, 000 J.065 | 0.070 | 0.045 | 0.052 | 0.050 | 0.070 0.056 | 0.045

18, 000 0.142 | 0.100 | 0.060 | 0.080 | 0.066 [ 0.142 0.090 | 0.060

19, 000 0.148 | 0.200 | 0.130 | 0.200 0.159 | 0.130

I’;;flsusr“er?pzf) 18, 400 | 18,700 |19, 300 | 19,300 | 19,300 | 15,300 | 19,000 | 18,400
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Table G-27. Test Data on 1-Inch-Diamcter, 120 Windows Wita
t/D Ratio of 0.625, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum

131 132 {° 133 134 135 Value Value Value

Thickness, t (in.) | 0.607 | 0.602 | 0.583 | 0.600 | 0.583| o0.607 0.595 | 0.583
Temperature (°F) | 63.5 65.5 67.0 67.5 67.5 67.5 66.2 63.5
gzt‘“’:j;;jim;‘ 732 | 643 | 661 | 603 | 646 732 657 603

Pressure (psi) | Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1, 000 0.002 | 0.000| 0.003| 0.001 | 0.001| o0.003 0.001 | 0.000

2. 000 0.004 | 0.001 | 0.005 | 0.002 | 0.003| 0.005 0.003 | o0.001

3, 000 0.005| 0.002) 0.007 | 0.003 | 0.004 | 0.007 0.004 | 0.002

4, 000 0.007 | 0.003 | 0.009 | 0.004 | 0.005| 0.009 0.006 | 0.003

5, 000 0.0u8 { 0.004 | 0.010 | 0.005 | 0.006 | 0.010 0.007 | 0.004

6. 000 0.009 | 0.005| 0.011 | 0.006 | 0.007 | 0.011 0.008 | 0.005

7, 000 0.010| 0.005 | 0.012 | 0.007 | 0.009 | 0.012 0.009 | 0.005

8, 000 0.011 | 0.007 | 0.013 | 0.007 | 0.010| 0.013 0.010 | 0.007

9, 000 0.012 | 0.008 | 0.015] 0.008 | 0.011| 0.015 0.011 | 0.008

10, 000 0.014 | 0.008 | 0.015| 0.009 | 0.019 | 0.019 0.013 | 0.009

11, 000 0.015 | 0.010 | 0.017 | 0.010 | 0.020 | 0.020 0.014 | 0.010

12, 000 0.016 | 0.011{ 0,018 | 0.c11 | 0.021] o0.021 0.015 | o0.011

13, 000 0.018 | 0.012 | 0.020 [ 0.012 | 0.023 | 0.023 0.017 | 0.012

14, 000 0.040 | 0.013 |{ 0.021 | 0.014 | 0.024 | 0.040 0.022 | 0.013

15, 000 0.041 | 0.041 | 0.022 | 0.015 | 0.025| 0.041 0.020 | 0.015

16, 000 0.042 | 0.041 | 0.024 | 0.017 | 0.027 | 0.042 0.030 | 0.017

17, 000 0.044 { 0.043 | 0.025 | 0.018 | 0.043 | 0.044 0.035 | 0.018

18, 000 0.045 | 0.044 | 0.027 | 0.037 | 0.045 | 0.045 0.040 | 0.027

19, 000 0.047 | 0.046 | 0.029 | 0.037 | 0.047 | 0.047 0.041 | 0.029

20, 000 0.049 | 0.048 | 0.031 | 0.039 | 0.049 | 0.049 0.043 | 0.031

21, 000 0.075 | 0.050 | 0.051 | 0.040 | 0.067{ 0.075 0.057 | 0.040

22, 000 0.079 | 0.076 | 0.054 | 0.054 | 0.070 | 0.079 0.067 | 0.054

23, 000 0.080 | 0.078 | 0.057 | 0.055 | 0,094 | 0.094 0.073 | 0.055

24, 000 0.084 { 0.081 | 0.073 | 0.077 | 0.098 | 0.098 0.083 | 0.073

25, 000 0.109 | 0.085 | 0.093 | 0.080 | 0.116 | 0.116 0.097 | 0.080

26, 000 0.119 | 0.110 | 0.204 | 0.195 | 0.199 | 0.204 0.165 | 0.110

217, 000 0.170 | 0.190 0.190 0.180 | 0.170

f,gflisr‘;rfp‘s‘g) 217,900 | 27,700 | 26,300 | 26,500 | 26,700 27,900 | 27,020 | 26,300
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Table G-28. Test Data on 1-Inch-Diameter, 150° Windows With
t/D Ratio of 0. 125, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum
136 137 138 139 140 Value Value Value
Thickness, t (in.) | 0.125 | 0.127 1 0.126 | 0.131 | 0.123 0.131 0.126 0.123
Temperature (°F) | 65.5 | 61.9 | 66.5 | A7.1 | 69.1 69.1 66.0 61.9
Pressurization .
Rate (psi/min) 440 237 500 | 464 268 500 382 237

Pressure (psi)

Axial Displacement of Center Point on Window Low-Pressure Face (in.)

(All failed at pressures below 1, 000 psi)

Pressure at

Failure (psi) 550 575 600 650. 525 650 580 525
Table G-29. Test Data on 1-Inch-Diameter, 150° Windows With
t/D Ratio of 0.25, in DOL Type I Flange
Specimen Number Maximum | Average | Minimum
141 | 142 | 143 | 144 | 145 | Valve | Value | Value
Thickness, t (in.) | 0.245 | 0.240 | 0.244 | 0.248 | 0.249 0.249 0. 245 0. 240
Temperature (°F) | 68.1 | 68.4 | 69.1 | 69.0 | 68.1 69.1 68.5 68.1
Pressurization
Rate (psi/min) 672 664 667 635 618 672 651 618
Pressure (psi) | Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.003 | 0.004 | 0.002 | 0.002 | 0.003 0.004 0.003 0.002
2,000 0.005 | 0.007 | 0.005 | 0.004 | 0.005 0.007 0. 005 0.004
3,000 0.007 | 0.013 | 0.012 | 0.011 | 0.009 0.013 0.010 0. 007
4,000 0.011 | 0.047 | 0.023 0. 047 0.027 0.011
5,000 0.024
Pressure at
Failure (psi) 5,450 | 4,550 | 4,750 | 3,950 | 3,800 5, 450 4, 500 3,800
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Table G-30. Test Data on 1-Inch-Diameter, 150° Windows With
t/D Ratio of 0.375, in DOL Type I Flange

Specimen Number Maximum | Average | Minimum

146 147 148 149 150 Value Value Value

Thickness, t (in.) | 0.360 | 0.375 | 0.343 | 0.357 | 0.335 0.375 0. 354 0.335
Temperature ('F) | 66.5 67.9 67.5 67.6 67.6 67.9 67.4 66.5
g;fjs(;;ﬁfﬁg;‘ 663 | 652 | 678 | 669 |.667 | 678 666 652

Pressure (psi) | Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1, 000 0.001 | 0.002 | 0.002 ] 0.001 | 0.001 0.002 0.001 0.001

2,000 0.002 | 0.004 | 0.004 | 0.003 | 0.0062 0.004 0.003 0.002

- 3,000 0.003 | 0.006 | 0.006 | 0.004 | 0.004 0.006 0.005 0.003

4, 0UG 0.005 | 0.007 | 0.007 | 0.007 { 0.007 0.007 0.007 0.005

5, 000 0.006 ] 0.009 | 0.009 | 0.009 | 0.009 0. 009 0. 008 0. 006

6, 000 0.008 ] 0.010 | 0.011 | 0.010 | 0.012 0.012 0.010 0.008

7,000 0.011 | 0.012 | 0.013 | 0.013 | 0.016 0.016 0.013 0.011

8, 000 0.013 | 0.013 | 0.018 | 0.015 | 0.019 0.019 0.016 0.013

9, 000 0.015] 0.029 | 0.034 | 0.018 | 0.027 0.034 0.025 0.015

10, 000 0.018 ] 0.031 | 0.049 | 0.024 | 0.059 0.059 0.036 0.018

11, 000 0.032 | 0.040 0.038 0. 040 0.037 0.032

12, 000 0.061 0. 061 0. 061 0.061

g;fﬁ;“erfpgf) 11,500 | 12,525 | 10,550 | 11,300 | 10,100 12,525 | 11,195 | 10,100
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Table G-31. Test Data on 1-Inch-Diameter, 150° Windows With
t/D Ratio of 0.5, in DOL Type I Flange

Specimen Number Maximum | Average | Minimum

151 | 152 | 153 | 154 | 155 | Value | Value | Value

Thickness, t (in.) | 0.465 | 0.461 | 0.468 | 0.467 | 0.467 0. 468 0. 466 0. 461
Temperature{ F) { 67.9 67.2 68. 2 68.1 67.4 68.2 67.8 67.2

Pressurization . - -

Rate (psi/min) 667 665 659 663 669 669 665 659

Pressure (psi) | Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1, 000 0.001 | 0.001 }{ 0.001{ 0.001 | 0.002 0.002 0.001 0.001

2, 000 0.002 | 0.003 | 0.002 | 0.003 | 0.003 0.003 0.003 0.002

3, 000 0.003 : 0.004 { 0.003 | 0.004 | 0.004 0.004 0. 004 0.003

4, 000 0.004 | 0.005 | 0.005| 0.005 | 0.006 0. 006 0.005 0.004

5, 000 0.005 | 0.006 | 0.006 § 0.007 | 0.007 0.007 0. 006 0.005

6, 000 0.007 { 0.007 | 0.006 | 0.008 | 0.008 0.008 0. 007 0. 006

7,000 G.008 { 0.008 | 0.008 | 0.010 | 0.009 0.010 0.0n9 0.008

8, 000 0.009 | 0.009 | 0.011 1} 0.011{ 0.010 0.011 0.010 0.009

g9, 000 0.010 | 0.010}{ 0.013 ] 0.013 | 0.011 0.013 0.011 0.010

10, 000 0.011 | 0.011 | 0.018 | 0.015 | €.013 0.018 0.014 0.011

11, 000 0.012 | 0.013 | 0.021 | 0.016 | 0.014 0.021 0.015 0.012

12, 000 0.015} 0.015 | 0.9627 | 0.019 | 0.016 0.027 0.018 0.015

13, 000 v.017 | 0.017 | 0.031 | 0.040 | 0.018 0. 031 0.025 0.017

14, 000 0.627 | 0.020 | 0.042 | 0.043 | 0,021 0.043 0.031 0.020

15, 000 0.030 { 0.022 § €.04{ | 0.045 ] 0.023 0.048 C. 034 0.022

16, 000 0.046 | 0.026 | 0.064 | 0.065 | 0.026 0. 065 0.045 0.026

17, 000 0.070 | 0.034 | 0.095 | 0.091 | 0.030 0.095 0.064 0.030

18, 000 0. 150 0. 056 0. 150 0.103 0. G56

Pressure at - -
Failure (psi) | 18100 | 17,600 | 17,550 | 17,650 18,150| 18,150 | 17,810 | 17,550
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Table G-32. Test Data on l-In-ch-Diameter, 150" Windows With t.'D Ratio of 0.5,
in DOL Type I Flange: Sample Group Size Validation Tests

Specimen Number Maximum | Average | Minimum
156 | 157 | 158 | 159 | 160 | Value | Value | Value
Thickness. t (in.) | 0.498 | 0.485| 0.498| 0.504 | 0.500 | 0.504 0.497 | 0.485
Temperature (°F) | 65.8 | 69.1 | 67.9 | 66.1 | 68.5 69. 1 67.5 65.8
gﬁf:s(;;:zi‘;:z’)‘ 662 | 661 | 642 | 672 | 656 672 659 642
Pressure {psi) | Axial Displace ment of Center Point on Window Low-Pressure Face (in.)
1, 000 0.003 | 0.001 | 0.003]|0.002 |0.002 | 0.003 | o0.002 | 0.001
2, 000 0.004 |0.002 | 0.004|0.003 |[0.0035| 0.004 | 0.003 | 0.002
3, 000 0.005 |0.003 | 0.006}0.004 [0.005 | 0.006 | 0.0045 | 0.003
4, 000 0.006 | 0.0035| 0.007 | 0.005 [0.006 { 0.007 | 0.005 | 0.0035
5, 000 0.007 }0.004 | 0.008]0.006 [0.007 | 0.008 | o0.006 | 0.004
6, 000 0.008 |0.011 | 0.009}0.007 [0.008 | 0.011 ! 0.009 | 0.007
7,000 0,009 [0.012 | 0.010}0.008 |0.009 | o0.012 | o0.010 | 0.008
8, 000 0.0095] 0.018 | 0.012]0.0085|0.012 | 0.018 | 5.012 | 0.0085
9, 000 0.021 {0.020 | 0.013]0.009 |0.013 | 0.021 |o0.015 | 0.009
10, 000 0.022 |0.022 | 0.014{0.010 |0.022 | 0.022 | 0.018 | 0.010
11, 000 0.023 |0.028 | 0.016 | 0.011 |0.024 | 0.028 |o0.020 | 0.011
12, 000 0.024 |0.035 | 0.0i6{0.012 | 0.025 | 0.035 | o0.022 | 0.012
13, 600 0.035 |0.036 | 0.018]0.013 |0.032 | 0.036 | 0.027 | ¢.013
14, 000 0.036 [0.043 | 0.019|0.015 | 0.038 | 0.043 | 0.030 | 0.015
15, 000 0.037 {0,049 | 0.0210.016 [ 0.039 | 0.049 |0.032 | 0.016
16, 000 0.045 [0.065 | 6.058|C.018 | 0.043 | 0.065 | 0.046 | 0.018
17, 000 0.047 {0.066 | 0.061[0.020 | 0.050 | 0.066 :0.049 | 0.020
18, 000 9.056 |0.082 | 0.064|0.022 |0.056 | 0.082 |0.056 | 0.022
19, 000 0.064 |0.125 | 0.0890.025 | 0.066 | 0.125 |0.074 | 0.025
20, 000 0.092 0.150 1 0.034 [ 0.105 | 0.150 |0.095 | 0.034
21, 000 0.153 0.150 0.153 | 0.1515 | 0.150
f,;fﬁi‘g‘fpg) 21,200 | 19,550 | 20,200 21,000] 20,750 | 21,200 | 20,540 | 19,550
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Table G-33. Test Data on 1-Inch-Diameter, 150° Windows With
t/D Ratio of 0. 625, in DOL Type I Flan.

Specimen Number Maximum | Average| Minimum
161 162 163 164 165 Value Value Value
Thickness. t (in.) | 0.602] 0.602} 0.606| 0.596 | 0.589 0. 606 0. 399 0.589
Temperature ’F) | 67.7 69.0 66.0 70.4 68.4 70.4 68.3 66.0
I’;;te:sé;gﬁ:g;‘ 664 | 662 | 504 | 653 | 603 664 617 504
Pressure (psi) | Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1, 000 0.002 | 0.005} 0.004 0.002 § 0.003] 0.005 0. 0032 0.002
2, 000 0.008 | 0.006] 0.005 0.004 | 0.004 | 0.008 0.005 0.004
3, 000 0.009 0.007| 0.006 0.006 | 0.005| 0.009 0. 0066 0.005
4, 000 0.010 | 0.008} 0.007 0.007 | 0.006 | 0.010 0. 0076 0.006
5. 000 0.011 0.009} 0.0085} 0.008§ 0.007 { 0.011 0.0087 0.007
6. 000 0.0115} 0.010] 0.0095] 0.010} 0.008 | 0.0115 0.0C38 | 0.008
7.000 0.012 | 0.011]0.010 | 0.011 | 0.010| 0.012 0.0108 | 0.010
8, 000 0.013 0.01210.012 | 0.012 | 0.011} 0.013 0.012 0.011
9, 000 0.014 0.013 ] 0.013 0.013 ] 0.011}| 0.014 0. 013 0.011
10, 000 0.014 | 0.014] 0.0145} 0.015| 0.012 ] 0.015 0.014 0.012
11, 000 0.015 | 0.015] 0.015 0.020 | 0.013 | 0.020 0. 0156 0.013
12, 000 0.016 | 0.01610.0165] 0.024 1 0.014 | 0.024 0.0173 0.014
13, 000 0.017 0.017 ] 0.018 | 0.026 | 0.015] 0.026 0.0186 | 0.015
14, 000 0.0175| 0.018 1} 0.0195} 0.031 ] 0.016 | 0.031 0. 0204 0.016
15, 000 0.018 | 0.020]0.0205f 0.035 | 0.017 | 0.035 0.022 0.017
16, 000 0.019 0.02110.022 | 0.039 ] 0.025] 0.039 0.025 0.019
17, 000 0.020 | 0.022}0.024 | 0.043 ] 0.025| 0.043 0. 027 0.020
18, 000 0.022 | 0.024 | 0.025 0.049 | 0.026 | 0.049 0.029 0.022
19, 000 0.0245] 0.025 | 0.027 0.055] 0.032 ] 0.055 0.035 0.0245
20, 000 0.027 0.028 | 0.029 0.062 | 0.033 | 0.062 0. 036 0.027
21, 000 0.030 | 0.029 ] 0.031 0.072 ] 0.037 | 0.072 0.040 0.029
22, 000 0.032 | 0.032]0.051 0.081 | 0.048 | 0.081 0. 049 0.032
23,000 0.035 | 0.035]0.053 0.097 | 0.054 | 0.097 0.055 0.035
24, 000 0.038 0.076 | 0.068 0.145 | 0.077 ] 0.145 0.081 0.038
25, 000 0.042 | 0.085]0.120 0.120 0.082 0.042
26, 600 0.066 ]| 0.125]0.280 0. 280 0. 157 0.066
27,000 0.110 0.110 0.110 0.110
?;f&i‘;?p:i) 217,500 | 26, 850 | 26, 150 | 24, 800 | 24,700 27,500 | 26,000 | 24,700




Table G-34. Test Data on 2-Inch-Diameter, 30° Windows With
t/D Ratio of 0. 125, in DOL Type I Flange

Specimen Number

Maximum | Average | Minimum
166 167 168 168 170 Value Value Value
Thickness, t (in.) | 0.244 | 0.254 | 0.257 { 0.265 ; 0.264 0.265 0. 257 0.244
Temperature CF) | 70.8 | 70.1 | 69.7 | 69.4 | 69.8 0.8 69.9 69.4 |
g:fgségiﬁ:ﬁ;‘ 697 | 570 | 687 | 517 | e62 | 697 627 517
Pressure (ps’) | Axial Displacement of Center Point on Window Low-Pressure Face (in.)
250 0.007 | 0.005 | 0.007 | 0.007 | 0.007 0.007 0.007 0.005
500 0.018 | 6.013 | 0.015 | 0.014 | 0.014 0.018 0.015 0.012
750 0.050 | 0.040 | 0.028 | 0.025 | 0.026 | 0.050 0.034 0.023
?:f;sr‘gfpaf) 850 | 850 | 900 | 900 | 900 | 900 880 850
Table G-35. Test Data on 2-Inch-Diameter, 30° Windows With
t/D Ratio of 0. 25, in DOL Type I Flange
Specimen Number Maximum | Average | Minimum
171 172 173 174 175 Value Value Value
Thickness, t (in.) | 0.490 ] 0.485 ] 0.490 | 0.485 } 0.485 0.490 0. 487 0. 485
Temperature ("F) | 70.0 | 69.1 | 69.2 | 70.5 | 69.5 70.5 69.7 69.1
g;fességﬁig;‘ | 658 | 60a | 659 | 679 | 655 | 619 651 604
Pressure (psi) | Axial Displacement of Center Point on Window Low-Pressure Face (in.)
250 0.002 | 0.002 | 0.002 | 0.002 | C.002 | 0.002 0.002 0.002
500 0.005 0.005 | 0.005| 0.005 | 0.005 0.005 0. 005
750 0.008 0.007 | 0.009 | 0.007 | 0.009 0.008 0. 007
1,000 0.010 | 0.009 | 0.009 | 0.012 | 0.009 | 0.012 0.010 0.009
1,250 0.013 | 0.012 | 0.011 | 0.015 | 0.012 | 0.015 0.013 0.011
1,500 0.017 ] 0.015 | 0.015 | 0.018 | 0.016 0.018 0.016 0.015
1,750 v.020 | 0.018 | 0.018 | 0.0622 | 0.019 | 0.022 0.c19 0.018
2,000 0.024 | 0.021 | 0.021 | 0.028 | 0.023 0.028 0.023 0.021
2,250 0.028 | 0.025 | 0.032 | 0.033 | 0.028 0.033 0.029 0.025
2,500 0.032 | 0.031 ] 0.045 | 0.040 | 0.033 | 0.045 0.036 0.031
2,750 0.060 | 0.070 | 0.070 | 0.045 | 0.033 | 0.070 0.057 0. 039
3,000 0.110 | 0.110 | 0.110 | 0.070 | 0.075 | 0.110 0.095 0.070
1;.; f{f;‘;’?pgf) 3,225 | 3,175 | 3,250 | 3,250 | 3,275 | 3,275 | 3,235 | 3,175
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Table G-36. Test Data on 2-Inch-Diameter, 30° Windows With t’D Ratio of 0.5.
in DOL Type I Flange: t/D Ratio Validation Tests

3 \{
Specimen Number Maximum | Average | Minimum

176 | 177 | 178 | 119 | 180 | Value | Value | Value

Thickness, t (in.) | 0.957 ; 0.954 { 0.954 | 0.971 | 0.965 0.971 0.960 0.954

Temperature (F) | 64.5 67 64.5 | 62.8 68 68 65.4 62.8

Pressurization c .
Rate {psi ‘min) 435 657 663 613 657 .

Pressure (psi) | Axial Displacement of Center Point on Window Low-Prezssure Face (in.)

1. C00 0.005 | 0.011 | 0.008 | 0.007 | 0.011 | 0.011 0.008 | 0.005
2. 000 0.013 | 0.028 | 0.019 | 0.012 | 0.029 | 0.029 0.020 | o0.012
3. 000 0.021 | 0.048 | 0.037 | 0.025 | 0.050 | 0.050 | 0.036 | o0.021
4. 000 0.050 | 0.076 | 0.061 | 0.048 | 0.075 | 0.076 | 0.062 | 0.048
5, 000 0.078 | 0.104 | 0.091 | 0.074 | 0.105 | 0.105 0.090 | 0.074
6. 000 0.113 ; 0.151 | 0.128 | 0.110 | 0.154 | 0.154 | 0.132 | 0.110
7. 000 0.200 | 0.249 { 0.267 | 0.189 | 0.250 | 0.250 | 0.219 | 0.189
8, 000 0.450

Pressure at 8.100 | 7,400 | 7,450 | 7.900 | 7,300 | 8.100 7.630 | 17.300

Failure (psi)
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Table G-37. Test’ Data o1 2-h\ch-Diamete;', 30 Windows With
t-D Ratio of 1.0. in DOL Type II Flange

Specimen Number Maximum | Average | Minimum

181 | 182 | 183 | 184 | 185 | Value | Value } Value

Thickness. t {in.) | 2.008 | 0.981 | 1.981 | 1.993 | 2.001 | 2.008 1.993 | 1.981
Temperature ( F) 67 70 71 66 65 71 67.8 65
I!;;fess(;;:”r‘;:g;‘ 658 | 655 | 666 | 655 | 661 666 659 655

Pressure (psi) | Axial Displacement of Center Point on Window Low -Pressure Face (in.)

1. 000 0.004 | 0.005 | 0.003 | 0.004 | 0.004| 0.005 | 0.004 0. 003

2,000 0.008{ 0.025 | 0.007 | 0.018 | 0.024 | 0.024 | 0.0144 | 0.007

3.000 0.013 | 0.027 | 0.042 | 0.046 | 0.034| 0.046 | 0.0324 | 0.013

4,000 0.021 | 0.039 | 0.045 | 0.041 | 0.044| 0.045 | 0.0380 | 0.021

5. 000 0.034 | 0.051 | 0.073 | 0.057 | 0.061| 0.073 | 0.0552 | 0.034

6. 000 0.045 | 0.065 | 0.076 | 0.072 | 0.073| o0.076 | 0.0662 | 0.045

7.000 0.059 | 0.082 | 0.099 | 0.088 | 0.092| 0.099 | 0.0840 | 0.059

8, 000 0.074 | 0.099 | 0.104 | 0.103 | 0.109| 0.108 | 0.0978 | 0.074

9. 000 0.093} 0.117 | 0.110 | 0.118 | 0.124| o©0.118 | 0.1124 | 0.093

10. 000 0.110 | 0.138 | 0.142 | 0.139 | 0.148| o0.148 | 0.1354¢ | 0.110

11, 000 0.133] 0.165 | 0.156 | 0.168 | 0.171| 0.171 | 0.1586 | 0.133

12, 000 0.157 | 0.196 | 0.198 | 0.201 | 0.202| 0.202 | 0.1908 | 0.157

13, 000 0.190 | 0.240 | 0.234 | 0.223 | 0.240| o0.240 | 0.2264| 0.190

14, 000 0.2251 0.290 | 0.288 | 0.259 | 0.285| 0.290 | 0.2694 | c€.225

15, 000 0.267 ] 0.335] 0.334 | 0.295 | 0.325| 0.335 | 0.3120 | 0.267

16, 000 0.310 | 0.382 | 0.382 | 0.340 | 0.371| o0.382 | 0.3570 | 0.310

17, 000 0.349 | 0.425 | 0.442 | 0.379 | 0.425| o0.44c | 0.4048 | 0.349

18, 000 0.395] 0.485 | 0.543 | 0.419 | 0.484| 0.543 | 0.4652 | 0.395

19, 000 0.440 | 0.570 | 0.675 0.581| 0.675 | 0.5665 | 0.440

20, 000 0.508 0.780| 0.780 | 0.6440 | 0.508

g;f;i‘gfp‘s‘f) 20, 800 | 20, 400 | 19, 800 | 20, 500 | 20, 500] 20.800 | 20,400 | 19,800




Table G-38. Test Data on 4. 5-Inch-Diameter, 60° Windows With

t'D Ratio of 0. 125, in DOL Type I Flange

Specimen Number

Pate (psi/min)

Maximum ]| Average | Minimum
186 | 187 | 188 | ise | 100 | Value | Value 1 Value
Thickness. t (in.) | 0.555] 0.550 | 0.555 | 0.550] 0.555| 0.555 | 0.553 | 0.550
Temperature( F) | 67 67 67 67 | 67.5 | 67.5 67.1 67
Pressurization 655 | 621 | 578 | 708 | 333 708 619 533

Pressure (psi)

Axial Displacement of Ceater Point on Wi

ndow Low-Pressure Face (in.)

250 0.010} 0.011 1} 0.018 } 0.015 | 0.032 0.032 0.017 0.010
500 0.0441 0.042 § 0.055} 0.050 | 0.078 0.078 0.0534 0.042
750 0.088 | 0.090 | 0.095 | 0.090 0.095 0. 030 0.088
Pressure at = - - = -
Failure (psi) 950 925 1.000 850 650 1,000 875 650
Table G-39. Test Data on 4. 5-Inch-Diameter, 60° Windows With
: t/D Ratio of 0.25, in DOL Type I Flange
Specimen Number Maximum | Average | Minimum
191 | 192 | 193 | 194 | 195 | Velue | Valee | Value
Thickness, t (in.) | 1.114 | 1.119 | 1.134 | 1.135 ] 1.159 1.159 1.132 1.114
Temperature( F) | 67.1 67.0 65.5 68.8 70.7 70.7 67.8 65.5
Pressurization - - -
Rate (psi/min) 609 651 639 633 637 651 634 609
Pressure (psi) |Axial Displacement of Center Point on Window Low-Pressure Face (in.)
i, 000 0.022 ] 0.013 | 0.015 | 0.014 | 0.014 0.022 0.016 0.013
2,000 ©10.052 | 0.044 | 0.042 | 0.040 | 0.044 0.052 0.044 0.040
3,000 0.089 ) 0.079 | 0.078 | 0.072 ] 0.080] 0.089 0, 020 0.072
4, 000 0.136 | 0.130 | 0.128 | 0.121 | 0.132] 0.136 0.129 0.121
5,000 0.208 ] 0.212 | 0.201 | 0.195 ] 0.197] 0.212 0.203 0.195
Pressure at - - o= - - = m= - -~ -
Failure {psi) 5,600 1 5,850 | 5,850 | 5,900 | 5,730 35, 900 5,790 3,600
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Table G-40. Test Dataon 4. 5-Inch-Diameter. 60 \‘.fiﬁdsws With t D Ratio of 0.5.
in DOL Type I Flange: t'D Ratio Validation Tests

Specimen Kumber Maximum | Average | Minimum

. 196 197 198 199 200 Value ¥alee Value

Thickness. t (in.) | 2.270 | 2.250 | 2.250| 2.348 | 2.250| 2.348 | 2.272 | 2.240
Temperature (F) | 62.5 | 67.5 | 6¢ | 60.5 | 63.5 | 9.5 65.4 | 62.5

gfjs(;;zf;:z;‘ 456 | 211 | 325 | 622 | 625 | 2n 628 449
Pressure (ps1) 1Axial Displacement of Center Point on Window Low-Pressure Face (in.}
1. 000 0.005 | 0.008| 0.008] 0.0:1] 0.004] o.011 | o.007 |.0.00¢
_2.030 0.014 | 0.019] 0.023| 0.017 ] 0.029] 0.029 0.020 | 0.015
3.000 0.020 | 0.036 | 0.038 | 0.026 | 0.03¢| o0.038 | 0.031 | o6.020
s.000 0.032 | 0.053 | 0.055 | 0.045} 0.055] 0.055 | 0.016 | o0.032
5,030 0.0s¢ | 6.070| 0.071 ]| 0.052] 0.065] o0.0711 | 0.063 | o.038
6, 000 0.066 | 0.029 | 0.083 | 0.081] 0.09:] 0.091 | 0.083 | o.055
7.000 0.086 | 0.1:2] 0.108 ] 0.103 ] 0.122] o0.122 | 0.106 | o0.085
. 8.000 0.102 | 0.138| 0.120| 0.127] 0.128] o0.133 | 0.126 | o©.103
9. 000 0.137 | 0.168 | 0.155 | 0.155 | 0.160] o0.168 | 0.155 | 0.137

10. 000 0.175 | 0.224 | 0.188 ] 0.181 | 0.188] o0.22¢ | o.191 | 0.175

11. 000 0.211 | 0.303} 0.230) 0.213] 0.23s] 0.303 | 0.238 | o.211

12, 000 0.251 ] 0.412| 0.295 | 0.272 | 0.282] o0.412 | 0.301 | o0.241
13. 600 0.282 0.536 ] 0.337] 0.363] o0.436 | 0.35¢ | o.2:2

14, 000 0.341 0.700 | 0.533| 0.490] c.700 202 | 0.3a1

15. 000 0.441
16, 000 0.730

gf;’;_‘;’g:) 16,000 | 12,500 14, 100] 15.650 14.650] 16.000 | 15.380 | 12.500
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ABSTRACT

Conical acrylic windows of 90-degree included angle and 0.083 to
0.775 thickness-to-minor-diameter (t/D) ratios have been tested to ultimate
failure under short-term hydrostatic loading. The ambient temperature was
varied from 32°F to 90°F and the relationship between minor window
diameter (D) and minor window cavity diameter in the flange (D,) varied
from 0.970 to 1.500. The test results show that the critical pressure of
identical windows at 90OF is approximately 10% to 20% less than at 70CF,
and at 32CF it is approximately 15% to 25% more than at 70°F. The
increase in critical pressure of windows with identical t/D ratios due to
changes in D/Dj; ratio is as large as 100% from the critical pressures associ-
ated with the standard D/D; = 1.000 ratio. As arule, an increase in D/D;
ratio raised the critical pressure of windows with t/D > 0.375 significantly,
while for windows with t/D < 0.375, it had no effect or very little. To
improve the critical pressure of 90-degree conical acrylic windows, it is
recommended that such windows be designed with a window/flange mis-
match ratio of D/D; > 1.00, the exact magnitude depending on the
window's t/D ratio, service, and design considerations.
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INTRODUCTION
Backgréu nd

Previous studies'3 of acrylic windows under short-term hydrostatic
pressure were primarily directed towards the effect of hydrostatic pressure
on windows of different structural shapes: conical frustums, flat discs, and
spherical shell sectors. During the performance of the study of conical frus-

“tums,! it was discovered that both the ambient temperature and the location
‘of the conical window's low-pressure face with respect to the edge of the

beveled bearing surface in the flange cavity have a large effect on the ability;
of the window to withstand hydrostatic pressure without failure (Figure 1).
The critical pressures (pressure at which ultimate failure of window occurs)
of conical acrylic windows were found to vary during exploratory tests as
much as 30% because of temperature changes in the 32°F-t0-90°F range
and as much as 60% because of changes in the window’s elevation with
respect to the bottom edge of the window seat in the flange. Therefore

the effect of temperature and window seat elevation could not be consid-
ered as negligible. Recognizing the importance of these variables on the
design of man-rated windows for undersea habitats, hyperbaric chambers,
and internal pressure vessels for ocean simulation facilities, the Naval
Facilities Engineering Command sponsored a study in this area as a part

of the Ocean Engineering Program of the Naval Civil Engineering Laboratory

(NCEL). This report is a summary of that study.

Objective

The objective of the study was to investigate the effect that (1) the
ambient temperature and (2) window location with respect to the edge of
the beveled bearing surface in the flange cavity have on the short-term critical
pressure of conical acrylic windows. The data resulting from this study wil!
permit the designers of window/flange assemblies for interna! or external
prassure vessels to (1) predict with greater certainty the ultimate short-term
critical pressure of the selected window at any temperature and to (2) opti-
mize the ultimate short-term strength of the window for the desired diameter
by selecting the proper relationship between the minor diameter of the win-
dow (D) and the minor diameter of the conical flange cavity (D).
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Figure 1. Typical window-seating arrangements for conical frustum acrylic
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Scope

The study was conducted experimentally and the relationships
between variables derived empirically (Tables 1 and 2). Only short-term
pressure loading was utilized to permit completion of the study within the
existing framework of funding and pressure vessel availability. Since pre-
vious studies' 4% have shown that windows of 90-degree included angle
represent a good compromise between critical pressure, extrusion resic
tance, bulk, and cost for most typical pressure applications, only 90-degree
windows were investigated at this time. The temperature variation was
limited to 32°F-t0-90°F range and it was varied in four discrete steps. The
thickness-to-minor-diameter (t/D) ratio was varied from 0.083 to 0.775 in
six steps; the relationship between minor diameter of the window (D) and
minor diameter of the conical window cavity in the flange (D) was varied
from 0.970 to 1.500 in seven steps. It was thought that by utilizing four
different ambierit temperstures, six t/D ratios, and seven D/D; ratios in an
experimental study limited to windows with only a single conical angle, an
accurate picture would be generated of the inte-relationship between these
variables for 90-degree windows, Although the .ata ¢2..crated by this study
are true only for short-term loading conditions, with the proper selection of
a safety factor they can serve also as conservative predictors for long-term
loading conditions.

TEST SPECIMENS

The bulk of the test specimens were scale-model 90-degree conical
acrylic windows (Figure 2). To validate the experimental data resulting from
testing of the model windows, some full-scale windows were to be tested
also {Figure 3). Both the model and full-scale windows were machined from
commercially available Plexiglas G flat sheets and plates. The machining
tol-rances for model-scale windows were £ 15 minutes for the included con-
ical angle, £0.002 inch for the minor diameter, and £0.002 inch for the
thickness. Dimensional tolerances for the full-scale windows were 15
minutes for the angle, £0.005 inch for the diameter, and £0.010 inch for
the thickness. The machining finish on the models’ conical bearing surfaces
wias 63 rms, while the full-scale windows were polished all over after a finish
of 63 rms was imparted by machining. After they were machined and
polished, all windows were annealed at 175°F for 24 hours.



Table 1. Test Program for Investigation of Seating Arrangement Effect
on Critical Pressure of 90-Degree Conical Acrylic Windows
(Material is unshrunk Plexiglas G (Federal Specification
L-P-381 B); ambient temperature is 68°F to 72°F.)
. Minor No, of Specimens With Thickness, t of —
Diameter, D
(in.) 0.1251in, | 0.250in, | 0.375in, | 0.500in, | 0.625in. | 0.750in. | 2000 in,
0.970 5 5 5 5 5 5 -
1.000 5 5 5 5 5 5 -
1.030 5 5 5 5 5 5 -
1.060 5 5 5 5 5 5 -
1.125 5 5 5 5 5 5 -
1.250 5 5 5 5 5 5 -
1.500 5 5 5 5 5 3 -
3.880 - - - - - - 4
4.000 - - - - - - 1
4,120 - - - - - - 1
4,240 - - - - - - 4
4,500 - - - - - - 1
5.000 - - - - - - 1
6.000 - - - - - - 4
6.400 - - - - - - 2
8.500 - - - - - - 2
Table 2. Test Program for Investigation of Temperature Effect on
Critical Pressure of 90-Degree Conical Acrylic Windows
(Material is unshrunk Plexiglas G; ambient temperatures are shown below,)
Minor No. of Specimens With Thickness, t of—
Temperature .
(°F) Diameter, D
{in.) 0.125in. | 0.250 in. | 0.375in. | 0.500in, | 0.625in, | 0.750 in.
1.000 5 5 5 5 5 5
32
1.500 5 5 5 5 5 5
1.000 5 5 5 5 5 5
50
1.500 5 5 5 5 5 5
1.000 5 5 5 5 5 5
90
1.500 5 5 5 5 5 5
4
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Nomenclature

D = minor diameter {in.)

t = thickness {in,}

& = included conical angle {deg)
Dimensions

Material: Plexiglas G, Federal Specification L-P-391 B

1. Model windows:

D = 0.970, 1.000, 1.030, 1.060, 1.125, 1.250, 1.500 in.; @
tolerance = +0.005

t = 0.125,0.250, 0.375, 0.500, 0.625, 0,750 in.;
tolerance = £0.002

a = 90 deg; tolerance = £15 min

2. Full-scale windows:

D = 4.0in.; tolerance = :0.010
t = 3.880, 4.000, 4.120, 4.240, 4,500, 5.000, 6.000,
6.400, 8.500 in.; tolerance = 20.010

« = 90 deg; tolerance = *15 min

Figure 2. Typical model and full-scale acrylic plastic windows.

Since, from the previous studies'-'2 with acrylic windows and
complete acrylic pressure hulls, it is known that the mechanical and phys-
ical properties of Plexiglas G do not vary significantly (1) from one sheet
of material to another, and (2) between sheets of different thickness, no
material test program was undertaken during this study. Because of this
reproducibility in material properties inherent in Plexiglas G, it is assumed
that all the data generated in this study are interrelated without any con-
version factor with the data generated in the previous NCEL window and
pressure hull studies that also utilized Plexiglas G material.

TEST FLANGES

For the testing of windows, two kinds of flanges of 90-degree
included angle were employed The flange for testing models had a window
cavity with 1-inch minor diameter (Figure 4a), while the one for the full-
scale windows had a 4-inch minor diameter {Figure 4b). In both cases, the
dimensional tolerances for the minor diameter were +0.001 inch, while for
the included conical angle they were £5 minutes. The machining finish on
the conical bearing surface in each case was 63 rms. Since dimensional
changes of the flanges can influence the critical pressure of windows signif-
icantly, precautions were taken to make the flanges as rigid as possible.
Because of the massive construction selected for the flanges, they were
assumed to be perfectly rigid with respect to the windows tested.,
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Figure 3b. Typical full-scale acrylic plastic windows,




Nomenclature

M = external fiange diameter (in.}
« = included conical angle {deg}

Dimensions

@ = 90 deg; tolerance = 215 min
M = 4in.

Raterial: 4130 steel

Figure 4a. Dimensions of flange for_t&sting model windows.

Nomendlature pet——— M 20011
-_— mn,
M = external flange diameter {in.) & r 39%%in. 1
L = overzil flange thickness (in.) -—
T
k = cylindrical passage length (in.} ' // -'i— &2
@ = included conical angle (deg) L / aoboin.
Dimensions I 4'000 in.
a = 90 deg; tolerance = S min
M = 17-3/42 1/64in.
k = 12 1/64 in. for 90-deg windows
L = 52 1/64 in. for 30-deg windows

Material: 4130 steel

Figure 4b. Dimensions of flange for testing full-scale windows.

TEST ARRANGEMENT

Pressure Vessels

The hydrostatic testing of the windows was performed in two
different vessels because of the large variation in sizes of windows tested
and pressures required for their ultimate failure.

The model windows vrere tested in 3 50,000-psi maximum operational
pressure vessel. This 50,000-psi operational pressure vessel was a S-inch-
dizmeter vessel custom-built for testing windows at high pressure (Figure 5).
The snecial features of the vessel are {1) the window flange being integral
with the end closure and (2) temperature control in 32°F-t0-120°F range.
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The full-scale windows were tested in an 18-inch-diameter vessel with
20,000-psi internal pressure capability (Figure 6). The special teatures of the
vessel were (1) temperature control in 32°F-to-120°F range and (2) trunnion
mounting, permitting the orientation of ‘e vessel either in vertical or hori-
zontal attitude.

Pumps

Pressurization of ail the vessels was accomplished by means of
air-operated, positive-displacement pumps. The pressurizing medium used
in the 18-inch-diameter pressure vessel was tap water, while in the 5-inch-
diameter vessel it was hydraulic oil. In all cases, the pressurization rate was
controlled by manual throttling of pressurized air operating the pumps.
Because of the precision with which the supply of pressurized air could be
regulated, the pressurization rate of the vessels could be controlled within
+50 psi/min around the specified 650-psi/min rate.

Instrumentation

The instrumentation for the measurement of test conditions consisted
of a remotely reading Bourdon-tube-type thermometer with 1°F resolution
and remotely reading Bourdon-tube-type pressure gages with 1-psi resolution
in the O-to-1,000-psi, 10-psi in the 1,000-to-10,000-psi, 20-psi in the 10,000-
t0-30,000-psi, and 50-psi in the 30,000-t0-50,000-psi pressure range. The
displacement of the window through the flange opening was measured with
a mechanical measurir.g device consisting of a dial indicator, and wire/pulley
system connecting the dial indicator with the center of the window’s low-
pressure face (Figure 7). The wire was anchored to the center of the
window’s low-pressure face by means of an acrylic post bonded with acrylic
cement to the window face. Since the anchor was bonded and not mechan-
ically fastened to the window surface, it did not affect in any manner the
window's strength under hydrostatic loading.

The ultimate failure of the window at critical pressurs was accom-
panied by a loud explosion and ejection of a high-pressure jet of water from
the vessel’s interior through the flange opening. To protect the test personnel
from any hazards associated with the forceful emission of water and window
fragments, the dial indicator readings were transmitted by television camera
and video console system from the vessel to the test control center located
behind massive concrete blast deflectors. In this manner, the source of error
in the displacement readout system was minimized by keeping the wire
between the dial indicator and the window as short as possible while at the
same time maximizing the safety of the test operator by removing him from
the immediate vicinity of the vessel.
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follower wire ~——-
top end closure and

window retaining flange

displacement
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weight guide
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weight
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pressure vessel

Figure 7. Arrangement for measuring window displacements through retaining
flange.

TEST PROCEDURE

To standardize the test conditions for the window test program, a
procedure was developed that was followed during all the tests in this study.
This procedure had as its objective to ensure that (1) the thickness of the
grease, (2) the length of exposure to ambient water temperature, and (3) the
rate of pressurization to failure did not introduce additional variables into
the test program.

The effect of grease thickness on the flange seating surface was
minimized by preloading each window in the flange with hydrostatic pres-
sure for 5 minutes. The preloading pressure (t x 500 psi for model windows
and tx 125 psi for full-scale windows) was considered sufficient to squeeze
out all the grease surplus from between the window and the flange, while
at the same time the pressure was n2t high enough to induce any permanent
deformation of the window. At the conclusion of the preloading period, the
pressure on the window was reduced to zero and the displacement measure-
ment system rezeroed by adjusting the dial indicator.

11




The effect of temperature exposure duration was minimized by
temperature conditioning all of the windows that were to be tested at
temperatures above or below 70°F room temperature. The temperature
conditioning was performed by placing the window overnight in a water
bath at the same temperature as the pressure vessel before mounting the
window into the flange for testing. After removal from the temperature
conditioning bath, the window was mounted into the flange {Figures 8
and 9) and immediately lowered (Figures 10 and 11) into the pressure
vessel already filled with the pressurizing medium preconditioned to the
desired temperature. After locking of the end closure (Figure 12), the
windows were immediately hydrostatically preloaded, bringing pressuriz-
ing fluid in contact with the window and the end closure. Because the
windows were temperature preconditioned and subsequently during the
test kept at the desired ambient temperature by leaving the high-pressure
face of the window wetted by the pressurizing fluid at preset temperature,
it can be safely assumed that the temperature of the acrylic during the
application of hydrostatic pressure was essentially the same as the ambient
temperature of the pressurizing medium.

The effect of pressurizing rate was minimized by controlling the
pressurization rate accurately. The pressurization rate was maintained at
650 psi/min with +50-psi/min variation limits. The selection of 650 psi/min
as the standard pressurization rate was based on the fact that all other pre-
vious short-term pressurization tests on windows at NCEL utilized this
particular rate. In view of this, a comparison of critical pressures for
different t/P and D/D; ratios or temperatures is feasible, as the pressur-
ization rate ir all of these studies was a constant rather than a variable.

TEST O2SERVATIONS

The test observations wera limited to three factors: (1) displacement,
{2} mode of failure at critical pressure, and (3) critical pressure. Some aspects
of observations (like magnitude of fisLiacement and critical pressure) lent
themselves to quantifying and recording in digital form, Other aspects of
observations could only be recorded qualitatively. Such aspects were char-
acter of displacement (jerky, smooth, sudde  tc.), rate of energy release
at failure (loud bang or quiet hiss), and mechanisin of failure {flexure, plug
extrusion, etc.).

Appendixes A and B discuss the presentation of experimental data
from the observations and the application of such (ata to design of pressure-
resistant windows.
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Displacement

All windows displaced with an increase in hydrostatic pressure.
However, whereas the displacement of windows with t/D < 0.125 was
steppew., that of thicker windows was smooth. This stepped displacement
coincided with the pulsation In pressure resulting from the action of the
positive-large displacement pump on a small volume of contained liquid.

Windows with t/D > 0.500 displaced at a reasonably constant
rate until moments before failure where an order-of-magnitude increase
in displacement rate would take place. Windows with t/D > 0.625 did
not exhibit a sudden increase in displacement rate at any time before
failure. For these windows, the displacement rate was relatively steady
and constant until failure actually took place.

The magnitude of displacement was not only a function of the
window’s t/D ratio but also of the temperature and the window/flange
D/D; ratio. For windows of a given t/D ratio, the magnitude of displace-
ment at any particular pressira was directly related to temperature and
inversely to D/Dy ratio. For example, &t 32OF the displacement of
windows with t/D = 0.500 under 10,000-psi loading was 0.22D for
D/D; = 1.000, while for D/D; = 1.500, it was 0.015D. At 90°F, the
displacement of windows with t/D = 0.500 under 10,000-psi loading
was, on the other hand, 0.051D for D/D; = 1.000 and 0.032D for
D/D; = 1.500 (Appendix A—Figures A-1 through A-13).

Modes of Failure

Not all of the windows failed, as the pressurizing capability of the
pump was limited to 48,000 psi, which in many cases did not prove to be
sufficient for blowing out some of the thick windows with /D = 0.750.
There were basically four modes of failures among those windows that
failed, depending on the window's t/D and window/flange D/D; ratios.

The windows with t/D = 0.125, regardless of their D/Dy ratio,
failed in a pattern typical of thin membranes under flexure: radial cracks
radiate from the center of the windows towards the periphery (Figure 13).
The destruction of the windows was total, with most of the fragments
resembling circular sectors. A sudden loud blast accompanied the failure,

Windows with 0.250 < t/D < 0.375, regardless of their D/D;
ratio, failed in a pattern typical of thick membranes under flexure: the
radial cracks radiate from the center of the windows, but before failure of
the window the cracks coalesce into a rough conical fracture surface. The
apex of the conical fracture surface intersected the center of the window's
high-pressure face, while the base of the fracture surface intersected the

16




window's low-pressure face at its very edge (in some cases, it intersected the
bearing surface near the edge of the low-pressure face). The failure wa, char-
acterized by (1) very little cold flow on the high and low-pressure window
faces, und by (2) the ejection of the acrylic fragments contained within the
fracture cone (Figure 14}, and (3) slow release of pressure from the interior
of the vessel through the relatively small hole in the window's high-pressure
face. The release of pressure was accompanied by a loud hiss rather than a
bang.

The windows with t/D > 0.500 failed in a manner that was dependent
on the window/flange D/D; ratio. Windows with 0.970 < D/D; < 1.060
failed in a manner similar to windows with 0.250 < t/D < 0.375 but with a
loud bang. No fragments of the window remained in the flange, sirice the
high-velccity stream of pressurizing fluid (P, > 18,000 psi) tore from the
flange even the annular fragment of the window that was restricting its flow
by the relatively small fracture hole in its center.

Figure 13. Typical thin-membrane flexure failure of windows with t/D < 0.125;
low-pressure face.

Windows with t/D > 0.500, but window/flange arrangement
D/D; > 1.125, failed in two phases (Figure 15). The first phase of the
failure was a shear-type failure characterized by (a) large cold-flow cratering
on the high-pressure face (Figure 16}, (b) considerable cold-flow extrusion
on the low-pressure face, and (c) gradual separation of a cone-shaped frag-
ment of acrylic from the rest of the window body. The shear cone intersected
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(b) Low-pressure face.

Figure 14. Typical thick-membrane flexure failure of windows with
0.250 < t/D < 0.375.
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both the high-pressure face and the bearing area of the window. Interestingly
enough, the bearing surface was intersected approximately midway between
the low- and high-pressure faces. The intersection of the shear cone and of
the high-pressure face resulted in a penetration significantly larger than the
penetrations observed during failure of windows with t/D ratio in the 0.250-
10-0.375 range. Measurement of the penetration diameter revealed that it
was invariably equal to or slightly larger than the D; of the flange, while the
penetrations for the 0.250 < t/D < 0.375 windows were generally less than
0.5D; of the flange.

Another interesting feature of the shear-cone failure was the smooth-
ness of the conical fracture (Figure 16) surface, so strikingly different from
the roughness of the fle.xure-type fracture surface found in 0.250 and 0.375
t/D windows. No flow of water took place curing the first phase of the
failure, as the central fragment of the window was still substantial enough
to act as a plug in the flange.

The second phase of the failure was a massive flow extrusion failure
of the central window fragment. During this phase while the central window
fragment was extruded through the minor flange diameter, the annular win-
dow fragment resulting from the shear failure of the first phase did not see
any further action, as it was subjected now only to purely isostatic loading.
The second phase of failure concluded after further operation of the pres-
surizing pump with the forcefu! ejection of the central window fragment
through the small bottom opening in the flange cavity. Since the diameter
of the penetration in the annular window fragment was larger than the
diameter of the small bottom opening in the flange, no restriction was
imposed on the jet of rapidly escaping pressurizing medium and thus the
annular window fragment was not torn from the flange during the rapid
depressurization.

Critical Pressures

The magnitude of critical pressures was found to be a fun~tion of
temperature, and D/D; and t/D ratios. The fact that the critical pressure
of a window is a function of these variables was established in previous
studies, but only the effect of t/D ratio was quantitatively described. This
study permitted quantitative establishment of the effect of D/D; and tem-
perature also. Comparison was made of the magnitudes of critical pressures
for windows with different t/D and D/D; ratios but at the same ambient
temperature. |t was noted that the D/D; ratio has a very significant effect
on the critical pressure of some windows but a negligible effect on others,
depending on their t/D ratio (Figure 17). In general, as the t/D ratio
increased so did the effect of the D/D; ratio. For t/D ratios <0.300, the
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effect of changing the D/D; ratio for a given t/D ratio was negligible, while
for t/D ratios =0.300, the effect was significant. For examplé, windows
with t/D = 0.500 experienced a gain in critical pressure of approximately
20,000 psi {about 100%) when the D/D; parameter was varied from 0.970
to 1.500. For windows with larger t/D ratios, the effect should be even
more pronounced, but the lack of experimental data on windows with

t/D > 0.500 precludes any quantitative description {Appendix A—Figures
A-14 through A-19).

\\\\\ \ \ \\ -\“.\ N

NN A »

\;\ \\

{a) Window before pressurization.

DY

~~—— shear fracture

(b) Window under pressure. First phase—annular fracture completed, separation
begins between center plug and annular fragment.

secondary shear cracks

tensile cracks

(c) Window under pressure. Second phase—center plug separates, secondary
fractures appear in plug, and plug is ejected through opening.

Figure 15. Shear failure mechanism in windows with YD = 0.500.
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i
k]
. (b} Highpressure faces of fragments after

Gsssemnbly of fraciured window.

{e} Low-pressure face of fractured window. (&) Lowpressure faces of fragments 2fier
Esassembly of fractured window.

Figure 16. Typical shear fiikure in windows with /D 3 G500 3nd D/D, = 1500
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Figure 17. Effect of seating arrangement and t/D ratio on critical pressure of
conical acrylic windows under short-term hydrostatic loading in
68°9F-t¢-729F temperature range.

Ambient temperature was noted to have a significant effect (Figure 18)
on the critical pressure also, but its effect in the 320F-10-909F range was as a
rule considerably less than that of the D/D; ratio (Figure 19). It appears that
the temperature changed the critical pressures by the same percentage regard-
less of their t/D or D/Dy ratio. To use again the 0.500 t/D windows as an
example, the gain in critical pressure when the temperature was decreased
from 90OF to 320F was approximately 7,300 psi {(about 45%).

The scatter in critical pressures for each group (expressed in percent
of grnup’s mean) of windows composed of five identical test specimens varied
with the t/D ratio (Figures A-14 through A-19). For groups with t/D < 0.250
the total scatter was in the 40-t0-30% (of calculated group’s mean) range, while
for windows with t/D > 0.375 it was in the 3-to-10% range. It would thus
appear that the predomina.at reasons for magnitude-of-scatter range are varia-
tions in surface finish and bevel-angle mismatch which vary at random and
which cause a discrete difference in critical pressure between individual win-
dow specimens regardless of the window's thickness. Sin-e the critical
pressures of thin windows are low, the small, discrete differences in critical
pressure are internreted as a larger percentage in scatter than for thick win-
dows, which have high critical pressures. No change in scatter magnitude
was observed to be associated with changes in ambient temperature, which
substantiated the obsarvations of other studies that the notch sensitivity of
acrylic plastic does not increase with a decrease in temperature, 13
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0 psi at 70°F

. .

{b) Low-pressure faces.

Figure 18, Effec of ambient temperature on permanent deformation of 90-degree
conical acrylic windows subjected to sustained 20,000-psi hydrostatic
loading for 1 hour; t/D = 0,625, B/D; = 1.000.
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Figure 19. Effect of ambient temperature and t/D ratio on critical pressure of
90-degree conical acrylic windows under short-term hydrostatic

loading.
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No difference was observed between the magnitudes of critical
pressures for model (Figure A-17), and full-scale windows (Figure A-20),
with the same t/D and t/D; ratios under identical ambient temperatures.
This (1) further substantiates findings of previous studies denoting that
t/D is a valid nondimensional factor, and (2) establishes the fact the D/D;
is also a valid nondimensional factor useful in design of window/flange
systems.

FINDINGS

All findings are based on conical acrylic plastic windows of 90-degree
included angle and thus apply quantitatively to such windows only. These
findings also apply to conical windows with other included angles, but only
in a qualitative manner.

1. The mismatch (D/Dy ratio) between minor diameter of the window (D)
and minor diameter of the conical window cavity in the flange (Dy) affected
significantly the critical pressure (P.) of acrylic conical windows. The magni-
tude of increase in P, was directly related to the window's t/D and D/Dj
ratios, but it became significant only for windows with t/D > 0.300 and
D/D; > 1.030. The magnitude of the increase in P, (above P, associated
with D/D; = 1.0) due to D/Dy ratios > 1.500 exceeded 100% for windows
with t/D > 0.500.

2. The change in ambient temperature also affected significantly the critical
pressure of conical acrylic windows. The relative (in terms of percent)
increase in P, was independent of t/D and D/D; ratios, but it was inversely
related to the ambient temperature of the pressurizing medium. The increase
in P, was of 30%-t0-50% magnitude in the 32°F-t0-90°F ambient tempera-
ture range.

3. The scatter of P values for identical windows tested under the same test
conditions was independent of ambient temperature and was in the 30%-to-
40% range for windows with t/D < 0.250 ratios and 3%-to-10% range for
t/D > 0.375 ratios.

4. The D/Djy ratio, a quantitative indicator of window location in the conical
cavity of the flange, was found to be a truly nondimensional parameter like
the /D ratio.
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CONCLUSIONS

Designers of conical acrylic plastic windows should pay as much
attention to the selection of the proper window-seating ratio (D/Dy) as
to the choice of thickness-to-diameter ratio (t/D), because with judicious
selection of D/D; ratio they can double the critical pressure of such win-
dows.
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Appendix A

PRESENTATION OF EXPERIMENTAL DATA

DISPLACEMENTS

The displacements of windows have been presented as the averages
of each window group with the same t/D, t/Dy, and D/D; ratios tested under
the same ambient temperature. Since there were generally about five win-
dows in each group, the plotted averages represent fairly reliable typical
displacement values for windows with a given set of dimensional parameters.
The displacements of model windows tested in flanges with D; = 1.000 inch
have been plotted separately {(Figures A-1 through A-13) from the displace-
ments of full-scale windows (Figures A-21 through A-28) so that a comparison
could be made between the displacements of model and full-scale windows
with identical dimensional parameters. The comparison indicates that the
displacements of full-scale windows are larger than those of model windows
by a scaling factor that can be represented as the ratio of full-scale to model
window diameters. In some cases the displacements were smaller for the full-
scale windows than predicted by the scaling factor, but in no cases were they
any larger.

CRITICAL PRESSURES

The critical pressures of window groups have been plotted in such a
manner that not only the average but also the maximurm and minimum values
are shown (Figures A-14 through AZ20). This method of plotting was selected
to give the window designers an apprécia_tion for typical ranges of critical
pressures associated with given t/D; and D/D; ratios. Comparison of critical
pressures for model {Figure A-17) and full-scale windows (Figure A-20) indi-
cated that they are the same if the dimensional and test parameters of
windows are the same. The typical range of critical pressures for the full-
scale windows (Figure A-20) was found to be also of the same magnitude
as for the model windows (Figure A-17), indicating that the critical pressure
data generated by testing of model windows are applicable without any
scaling or conversion factors to full-scale windows.
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Figure A-1. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
Dy = 1.000 inch, D/D; = 0.970.
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Figure A-2. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 30°F ambient temperature;
D¢ = 1.000 inch, D/D; = 1.000.
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Figure A-3. Effect of short-term hydrostatic loading on axial displacement of

90-degree conical acrylic windows at 70°F ambient temperature;
D¢ = 1.000 inch, D/D¢ = 1.000.
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Figure A-4. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 50°F ambient temperature;
D¢ = 1.000inch, D/D; = 1.000.
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Figure A-5. Effect of short-term hydrostatic loading on axial displacement of

90-degree conical acrylic windows at 32°F ambient temperature;
D¢ = 1.000 inch, D/D; = 1.000.
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Figure A-6. Effect of short-term hydrostatic loading on axial displacement of

90-degree conical zcrylic windows at 70°F ambient temperature;
0, = 1.000 inch, D/D; = 1.030.
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Figure A-7.
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90-degree conical acrylic windows at 70°F ambient temperature;
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Figure A-8. Effect of short-term hydrostatic loading on axial displacement of

90-degree conical acrylic windows at 70°F ambient temperature;

Dy = 1.000 inch, D/Dy = 1.125.
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Figure A-9. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
D; = 1.000 inch, D/D; = 1.250,
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Figure A-10. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 90°F ambient temperature;
D¢ = 1.000 inch, D/D; = 1.500.
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Figure A-11. Effect of short-term hydrostatic loading on axial displacement of

90-degree conical acrylic windows at 70°F ambient temperature;
D¢ = 1.000 inch, D/D; = 1.500.

: 600.7 i/ i Motenol Plexiglos G
Axiol Displacement of Acrylic Windows ""w:::“::’:‘"_ so.'oo prifmin < "';;,- ) O.OI:I:I‘
Under ShonTerm Hydrestotk Looding P * a

; Connal Anpler 90* o0 {02 ]
R T
i : i

T

55

o1

HH

4}

.
N
tmisns e

Pressvee fpsid

i/ i ; 110720378 . Average Displacement
2000 W, i T M HI of
i / .AIA/‘D“:A 0250 -: Groups Composed of § Windows £
725 et PO TR R TS HEM T Pa L B £ i it
(4] 0100 Q200 0300 0400 ¢ 300

o0
Axral Duplaca=uant {inches}

Figure A-12. Effect of short-term hydrostatic loading on axial displacement of

90-degree conical acrylic windows at 50°F ambient temperaturs;
D¢ = 1.000inch, D/D; = 1.500.
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Axial Displacement of Acrylic Windows
Under Short-Term Hydrostotic Loading
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Figure A-13. Effect of short-term hydrostatic loading on axial dieplacement of
90-degree conical acrylic windows at 32°F ambient temperature;
D¢ = 1.000inch, D/D; = 1.500.
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Figure A-14. Effect of seating arrangement on critical pressure of 90-degree
conical acrylic windows under short-term hydrostatic loading at
70°F ambient temperature; D¢ = 1.000 inch, t/Dg = 0.125.
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Figure A-15, Effect of seating arrangement on critical pressure of 90-degree
conical acrylic windows under short-term hydrostatic loading

Cibricel Franrere {pii}

at 70°F ambient temperature; D; = 1.000 inch, /Dy  0.250.
E EPea ol Windew Sessiag A - - Reve SO0-700 peifein i Moterick Plarities G
Cricol Protvure of Windews Under Oy 1000 ¢

]
|

Short-Tovm Hydrasighe Laadag

oo

¥
1

T
T

selsEisizrezzsas

Reerpge

SO DI ptoteey

Figure A-16. Effect of seating arrangement on critical pressure of 90-degree
conical windows under short-term hydrostatic lozding at 70°F
ambient temperature; Dy = 1.000 inch, /Dy = 0.375.
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Figure A-17. Effect of seating arrangement on critical pressure of 90-degree
conical acrylic windows under short-term hydrostatic loading
at 70°F ambient temperature; D; = 1.000 inch, v/D; = 0.500.
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Figure A-18. Effect of seating arrangement on critical pressure of 90-degree
conical 2~rylic windows under short-term hydrostatic loading
at 70°F ambient temperature; D¢ = 1.000 inch, t/D; = 0.625.
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Figure A-19. Effect of seating arrangement on critical pressure of 90-degree
conical acrylic windows under short-term hydrostatic loading
at 70°F ambient temperature; D; = 1.000 inch, /Dy = 0.750.
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Figure A-20. Effect of seating arrangement on critical pressure of 90-degree
conical acrylic windows under short-term hydrostatic loading
at 70°F ambient temperature; D¢ = 4.000 inches, t/D; = 0.500.
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Figure A-21. Effect of short-term hydrcstatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
D¢ = 4.000 inches, t/D; = 0.500, D/D; = 0.970.
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Figure A-22. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
D¢ = 4.000 inches, t/D; = 0.500, D/D; = 1.000,
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Figure A-23. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
D; = 4.000 inches, t/D; = 0.500, D/D; = 1,060.
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Figure A-24. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
D; = 4.000 inches, t/D; = 0.500, D/D; = 1.125.
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Figure A-25. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
D¢ = 4.000 inches, t/D; = 0.500, D/D¢ = 1.250.
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Figure A-26. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
D¢ = 4.000 inches, /D4 = 0.500, D/D; = 1.500.
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Figure A-27. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
Ds = 4.000 inches, t/D; = 0.500, D/D; = 1.600.,
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Figure A-28. Effect of short-term hydrostatic loading on axial displacement of
90-degree conical acrylic windows at 70°F ambient temperature;
D¢ = 4.000 inches, t/D; = 0.500, D/D; = 2.130.
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Appendix B

APPLICATION OF EXPERIMENTAL DATA TO DESIGN
OF PRESSURE-RESISTANT WINDOWS

BACKGROUND

Conical frustum acrylic plastic windows have been utilized in
submersibles, personnel transfer capsules, deck decompression chambers,
and deep ocean simulators since they were introduced to such applications
by Professor Auguste Piccard through his pioneering FNRS-2 submersible
in 1939. Considerable experimental and analytical data have been amassed
over the years describing the effects of conical angle and thickness-to-diameter
ratio (t/D) on the critical pressure, deformation, and axial displacement of
such windows under hydrostatic loadings of different durations. Although
this information is sufficient for design of safe conical acrylic windows in
the 0 t0-20,000-psi operational pressure range, it is insufficient to permit
maximization of the windows' short-term critical pressure potential through
variation in the window seating inside the window containment flange.

That the relationship between the minor diameter of the window (D)
and that of the flange (Dy) affects the critical pressure of the conical acrylic
window has been known for a long time'4 but data were not available to
permit quantifying this effect. This is not to imply that specific D/Dy ratios
were not recommended for design of windows. Recommendations have been
made in the past on choice of proper D/D; ratios for different operational
pressures, but those recommendations were aimed only at increasing the
static and cyclic fatigue life rather than short-term strength of windows.
Now that the experimental data on the relationship between short-term
critical pressure and D/Dj ratio are available, it is possible also to specify
D/D; ratios that will substantially increase the short-term critical pressure
that is so important during occurrence of transient depth increases for sub-
mersibles or pressure surges inside of deep ocean simulators.

DISCUSSION

Since this experimental study has shown (Figure 17) that raising
D/Dj ratios over 1.000 {which in all the NCEL window studies is considered
the benchmark ratio) is never harmful, and for t/D > 0.300 increasing the
ratio is beneficial in raising of short-term critical pressure potential, the
designer may be tempted to make the D/Dy ratio as high as possible so
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that a very high short-term critical pressure may be obtained for the window
he is designing. This temptation should be resisted, as there are some draw-
backs assaciated also with unlimited D/D; increase.

The drawbacks associated with D/Dy increase are (1) greater costs for
window and flange fabrication and (2) increased weight of the window/flange
assembly. The increased cost and weight are results of the increased window
and flange sizes for a given D;. For example, a 90-degree window with t/D =
0.5 located in a flange with Dy = 4.000 inches increased 50% in thickness
when the D/D; ratio and accompanying critical pressure potential are
increased from 1.000 (P, = 19,000 psi) to 1.500 (P, = 47,000 psi). The
accompanying change in flange thickness will be anywhere from 50% to
100% depending on its structural design. This increase in weight and cost
is not followed by any increase in viewing field, as this is always controlled
by Dy, which remains constant.

For this reason, a detailed trade-off study must be conducted between
increase in short-term critical pressure potential on one hand and increase in
weight and cost of the structure on the other hand before an intelligent
decision can be made on what D/D; to select for a given window. However,
because such trade-off studies may be too long or too complicated for a
" window designer hard pressed for an answer, a simple set of design guides
has been prepared for his use. These simple design guides will permit the
designer to rapidly choose a window-seating arrangement (D/Dy) that
improves not only the short-term critical pressure potential of the window
but also its static and cyclic fatigue life.

DESIGN GUIDES

The simple design guides developed for the benefit of the window
designer rest on two basic observations, D/D; > 1.000 is desirable to give
an axially displacing window radial and axial support to its conical bearing
surface so that (1) the window's short-term critical pressure potential is
increased for unforeseen temporary overload and (2) static and fatigue life
of the window is prolonged by eliminating contact between the sharp cor-
ner of the flange and the window's bearing surface during pressurizations
of the window 1o its rated operaticnal depth.

From these two basic observations, two general guidelines can be
deduced that become helpful in choosing of D/D; ratios:

1. Since every window in service will experience static and cyclic
fatigue regardless of the relationship between short-term critical pressure
and operational pressure chosen, it behooves the designer to prolong the
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fatigue life by choosing such a D/D; ratio that the conical bearing of the
window never extends past the supporting conical flange seat during
pressurizations to operational depth (Figure B-1). These D/D; ratios are
considered to be minimums and should be met in all operational window
designs. Experimental studies have been already conducted for some
selected operational depths {20,000 psi, 10,000 psi, and 5,000 psi) and
the minimum D/Djy ratios have been recommended for providing necessary
bearing support to the axially displacing windows. Thus for 90-degree con-
ical windows at/D = 2.0 and D/D; = 1.25 are recommended for 20,000
psi, t/D = 1.0and D/D; = 1.15 for 10,000 psi, and t/D = 0.625 and
D/D; = 1.06 for 5,000 psi. For pressures less than 5,000 psi, experimen-
tally obtained D/Dj ratio for static or cyclic fatigue do not exist, but a
conservative assumption dictates the use of the same minimum D/Dy

ratio as for 5,000-psi operational pressure.

2. Once the minimum D/Dy ratios required for containment of
window axial displacements under operational pressure have been met,
further increase of D/D; ratios can be justified only by the desire to
improve further the short-term critical pressure potential of the window
(Figure B-1). What the limit to the improvement should be is, of course,

a matter to be decided by the designer, but an increase of more than 50%
is very hard to justify, particularly since the proof pressures to which win-
dows may be subjected never exceed the operational pressure by more than
50%.

EXAMPLE A
Problem

Choose the proper D/D; ratio for a 90-degree conical acrylic window
to be utilized in a deep ocean simulator rated for 5,000-psi operational pres-
sure. The service that the window will see will involve long-term, short-term,
and dynamic pressure loadings. Before it is placed into service, the window
will be proof-tested to 1.5 times its operational pressure.

Solution
The minimum t/D ratio required to satisfy the static and cyclic
fatigue requirements of 5,000-psi service is 0.625 (see Reference 6). The

minisnum D/D; ratio that will provide adequate bearing support for the
axial window displacement under 5,000-psi operational pressure is 1.06
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Case B

Case C

Figure B-1. Effect of D/D; ratio on support of window's bearing surface during

Note: t/D is constant in all cases.
Dy is constant in all cases.
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(see Reference 6). The maximum recommended D/D; ratio for the
t/D = 0.625 is 1.175 based on planned 50% increase in critical pressure
of the window. A D/D; of 1.175 was chosen for the window.

EXAMPLE B
Problem

Choose the proper D/Dy ratio for a 90-degree conical window utilized
in a research submersible with abyssal depth capability of 36,000 feet. The
window will be subjected mostly to cyclic pressure loadings with maximum
possible sustained loading of 36-hour durations. Before it is put in service,
the window will be proof-tested to 1.25 times its operational pressure.

Solution

The minimum t/D ratio required to satisfy the cyclic fatigue require-
ments of 36,000-foot depth is 2.00 (see Reference 4). The minimum D/D;
ratio that will provide adequate bearing support for the axial window dis-
placement at 36,000-foot depth is 1.25 (see Reference 4). The maximum
D/D; cannot be determined in this case from curves in Figure 17, since
windows of t/D = 2.00 were not tested in the present window-seating study.
It would appear however that D/D; = 1.25 can also serve in this case as the
maximum ratio, since observation of curves in Figure 17 leads to the conclu-
sion that D/D; = 1.25 probably increases the critical pressure more than
24% over D/D; = 1.000 unless the plastic extrusion pressure is reached
sooner. A D/D; of 1.250 was chosen for the window.

EXAMPLE C

Problem

Choose the proper D/Dy ratio for a 90-degree conical acrylic window
utilized in a submersible for 1,000-foot operational service. The loading on
the window will be primarily of cyclic nature with maximum sustained load-
ing of 36-hour duration. Before it is placed into service, the window will be
proof-tested to 1.50 times its operational pressure,




Soiution .

Since extensive window studies were not conducted previously at
1,000-foot operational depth, specific recommendations do not exist for
the selection of t/D and D/D; ratio. Because of this, recourse must be
taken to a more arbitrary approach of choosing t/D ratios. This approach,
whatever it lacks in accuracy, makes up through conservatism in application
of high safety factors. This approach is based on the observation (Reference
14) that if tihe short-term critical pressure (Figure 17 at D/D; = 1.00) is
divided by a conversion factor of four then the long-term critical pressure
is approximately fixed. To insure that the approximately arrived at long-
term critical pressure (static fatigue) is valid for (1) repeated pressurization
and (2) proof test (overload), it is further divided by a safety factor of two.
To summarize, when the short-term critical pressure is divided by a factor
of eight, a safe operational pressure has been fixed.

In the case of the 1,000-foot operational depth, it means that a t/D
must be chosen that at D/D; = 1.00 has a short-term critical pressure of
3,600 psi (that is, 450 psi x 8). The t/D corresponding to 3,600-psi short-
term critical pressure is found to be 0.200. Since the operational pressure
is less than 5,000 psi, the recommended minimum D/D; = 1.06. Maximum
D/D¢ = 1.06 also, since increasing the D/D; ratio further does not affect
the critical pressure. Thus the final ratios for 1,000-foot operational depth
90-degree conical window are /D = 0.200 and D/D; = 1.06.

Examples A through C refer to applications where the ambient
temperature will be in the 65°F-to-759F range. |f the ambient temperature
is lower, no corrections need to be made to the chosen t/D ratios, as the
error is on the conservative side and thus acceptable. The situation is
slightly different if the ambient temperatures are above the 65°F-to-75°F
range. |f no corrections were made, the error would be on the unsafe side,
resulting in windows with lower safety factors. For this reason, when
choosing windows on the basis of their short-term critical pressure {see
Example C), effects of higher temperature should be taken into acccunt.
Thus Figure 19a, instead of Figure 17, should be used as the basis for deter-
mining short-term critical pressure, because Figure 19a takes the effects of
temperature into account. Since Figure 19 has only curves for D/D; = 1.00
and D/D; = 1.50, critical pressure values for other D/D; ratios must be
found by interpolation.

48




REFERENCES

1. Naval Civil Engineering Laboratory. Technical Report R-512: Windows
for external or internal hydrostatic pressure vessels, pt. 1. Conical acrylic
windows under short-term pressure application, by J. D. Stachiw and K. O.
Gray. Port Hueneme, Calif., Jan. 1967. (AD 646882)

2—— Technical Report B-527: Windows for external or internal
hydrostatic pressure vessels, pt. 2. Flat acrylic windows under short-term
pressure application, by J. D. Stachiw, G. M. Dunn, and K. O. Gray. Port
Hueneme, Calif., May 1967. (AD 652343)

3— . Technical Report R-631: Windows for external or internz
hydrostatic pressure vessels, pt. 3. Critical pressure of acrylic spherical shell
windows under short-term pressure application, by J. D. Stachiw and F. W.
Brier. Port Hueneme, Calif., June 1962. (AD 689789)

4 —, Technical Report R-645: Windows for external or internal
hydrostatic pressure vessels, pt. 4. Conical acrylic windows under long-term
pressure applications at 20,000 psi, by J. D. Stachiw. Port Hueneme, Calif.,
Oct. 1969. (AD 697272)

5.——. Technical Report R-708: Windows for externa! or internal
hydrostatic pressure vessels, pt. 5. Conical acrylic windows under long-term
pressure application of 10,000 psi, by J. D. Stachiw and W. A, Moody. Port
Hueneme, Calif., Jan. 1970. (AD 718812)

6.—— Technical Report R-747: Windows for external or internal
hydrostatic pressure vessels, pt. 6. Conical acrylic windows under long-term
pressure application at 5,000 psi, by J. D. Stachiw and K. O. Gray. Port
Hueneme, Calif., June 1971. (AD 736594)

7.————. Technical Note N-1127: Flat disc acrylic plastic windows for
man-rated hyperuaric chambers at :ne USN Experimental Diving Unit, by
J. D. Stachiw. Port Hueneme, Calif., Nov. 1970. (AD 716751)

8.—— . Technical Report B-676: Development of a spherical acrylic
plastic pressure hull for hydrospace application, by J. D. Stachiw. Port
Hueneme, Calif., Apr. 1970. (AD 707363)

9,.——— . Technical Note N-1113: The spherical acrylic pressure hull
for hydrospace application, pt. 2. Experimental stress evaluation of proto-
type NEMO capsule, by J. D. Stachiw and K. L. Mack. Port Hueneme, Calif.,
Oct. 1970. (AD 715772)

49




10. Naval Civil Engineering Laboratory. Technical Note N-1094: The
spherical acrylic pressure hull for hydrospace application, pt. 3. Comparison
of experimental and analytical stress evaluations for prototype NEMO capsule,
by H. Ottsen. Port Hueneme, Calif., Mar. 1970. (AD 703914)

11.——— Technical Note N-1134: The spherical acrylic pressure hull
for hydrospace application, pt. 4. Cyclic fatigue of NEMO capsule #3, by
J. D. Stachiw. Port Hueneme, Calif., Oct. 1970. (AD 715345)

12.——. Technical Report R-675: Stress analysis of a conical acrylic
viewport, by M. R. Snoey and J. E. Crawford. Port Hueneme, Calif., Apr.
1970. (AD 708009) '

13. Armed Forces Supply Support Center. Military Handbook 17: Plastics
for flight vehicles, pt. 2. Transparent glazing materials. Washington, D.C.,
Aug. 1961.

14. M. R. Snoey and J. D. Stachiw. “Windows and transparent hulls for man
in hydrospace,” in a critical look at marine technology: transactions of the
4th annual MTS conference and exhibit, Washington, D. C., July 8-10, 1968.
Washington, D. C., Marine Technology Society, 1968, pp. 419-463.




SNDL
Code

FKAIC

FKNI

FKNbS

FA25

No. of
Activities

1

316

DISTRIBUTION LIST

Total
Copies

12

10

316

Defense Documentation Center

Naval Facilities Engineering Command
NAVFAC Engineering Field Divisions
Public Works Centers

Public Works Center

RDT&E Liaison Officers at NAVFAC
Engineering Field Divisions and
Censtruction Battalion Centers

NCEL Special Distribution List No. 9

for persons and activitizs interested in
reports on Deep Ocean Studies

51




T—_—_—_—

‘suoi3eapisuod ubisap pue ‘331n19s
‘ones /1 s,mopuim ayl uo Buipuadap apniiubew 10exa syl ‘00"t < hQ\.n_ JO ones yolewsitw
abuej/mopuim e LIm paubisap aq SMOPUIM 43NS 1eyl PapusLIWIodai i 11 'SMOPUIM d1jAloe
1201uQD 92463p-06 3O a4nssasd 1eD11ILD Y 3a0adwl 04 31l AJBA 10 1535 OU pey U ‘GLE0
> G/1 YIM SMOPUIM 10} 3iym “ARUEDIJIUBIS GLE°0 < /1 YIIM SMOPUIM 30 2.nssaad |e21114D
ays pasies ones 3y w aseasous ue ‘ajn1 e sy ‘onel 000°'L = $A/a plepuels ayy yum pare
-100sse $a4nssasd [BI11149 Y3 WUy %O0L se abaej se st ones 3qyQ w sabueyd oy anp sones g1
1E211UBP] YIM SMOPUIM JO 3INSSDI |EIIIID U1 3SBAIDUN BY | "4 ,0L 18 UBYL JIOW Y467 OF %S |
Amewixoidde s1 1 4,2€ 18 pue “4,0L 1€ UBY) $S3| %0Z 0 %01 Aldreunxosdde si 4,06 1€ smop
-UIM [RO1IUBP! JO 31NSS3Ad |eD1IILID YL 1ey) MOYS S)|NSAL 1S3) AU "00G L 01 OL6°0 W04 patsea
(}q) abuejy ay3 up J21BWRIP AUALD MOPUIM JOUIW PUR () 213D MOPUIM JOUIW UIIMIa
diysuoneas ay) pue 4,06 0} JoZE WOy paren sem ainlesddwal Judique ay ) Guipeol
21121504PAY WIBL-1IOYS J3PUN 2INie; JJEWN|N O} PalISal Uaag aAeY SONEL (/1) 491BWeIp-I0UIW
-0)-SS3UNIIYL GL L 0 Q1 £80°0 Pue ajfue papnjoul 3316ap-0F JO SMOPUIM D1JAIIE |EIIUOY

anserd o11AI08 [E21UOD)—-SMOPUIM 3SSBA AINSSAlY “L

snjird 1§ €L4-H)
ABMIOA “Y T pue miyoelg
‘3 AQ ‘{jeurd) Buipeot) wua § -110yg Japup SMOPUIA 21140y
1221100 92163 -(36 O 3INSSAL4 |2D13117 uo suonenbiyuo) abueyy
pue ainlesadwag o 10943 "HIA LYYE-—STISSAA 3HNSSIYJ
JILVLSOHOAH TTYNYI.LNI HO TVYNY3ILX3 HO4d SMOANIM
Asojesoqen) Bunsaauibug pamg jeaenN
‘suo11e13pIsu0d ubisap pue ‘aningas
‘ones g/1 s,mopuim ayt uo Buipuadap apniubews 19exa a3 ‘00"t < Q/Qq o ones yorewsiw
abue|y/mopuim e yi1m paubisap ag SMOPUIM |INS 1Byl PaPU3LIWIODAL §1 31 'SMOPUIM D1jA108
231402 23163p-06 JO aanssaid [eD11142 3Y) dnosdwis © | ‘3311 ALA 10 393})d OU pey 1 ‘GLE°0
> @/ YUM SMOPUIM 10} ajiym ‘Ajpuenniubis G20 € G/ Yim smopuim o aanssaid |eongss
ay3 pasies ones 3g/q Uy aseasous ve ‘ajns e sy onel OO'L = 3Q/Q PiEpURIS Byl Ylim pale
-190sse $2:n$53.d {21111 BY) WLy %001 Se abieq se s) ones 3q/a vy sabueys o3 anp sonexr i
7 1IU9P1 UM SMOPUIM JO 2aNsSad |BDIIID UL SRRIDUN Y L "do0L 18 Ueyl BI0W Y57 01 %S|
Ay wixoudde s1 31 442€ 18 pue “ 5,04 18 URY 553} %407 ©F %01 Alprewixoidde st 4,06 1€ smop
~Ulv [BO1IUDPY O 2aNnssasd |BOIIIID DY3 JBYT MOYS SINSAI 1531 3Y L "00S°L O OL60 WOl patiea
3q) 8buey, oyl Ul JAtBWEIP ATIARD MOPUIM 10U1IW pue {) J213UWeIP MOPUIM JOUILY U33MIIY
diysuonefas ayl pue 4,06 O = ZE WOLy PaLieA sem aamesadway Juaique ayy -Guipeoy
D1IBISOIPAY ULIBI-LIOYS 13pUN dJNjtey dlewilN 01 Palsal uaaq aney sonlel (1) Jalawe:n-Jouny
-03-SSOUDIYL G/ £°0 O) £80°0 pue ajbue papnidul 3a.Bap-06 JO SMOPUIM DIJAIOE j8DIUOD

100°L0"800°EYS LG JA ¢
payissepun TL61 1snbny

ansed oAIde (e3U0D—SMOPUIM |3SSIA dINSSALY |

sniji-d LG €LL-YL
ABRMOW "Y °F pue miyoelrg
‘A T AQ ‘(leul ) Buipeoq wua | -1104S 13pUn SMOPUIp] d1jA1DY
122110 32160Q-06 JO 34nssasd (e Uo suonelnbijuo)) abuely
pue aimesadwa] 3019013 “IIA LYVJ-~S13SSIA JHNSS3Hd

OILYLSOHAAH TVYNYILNI HO TVNYHILXI HO3d SMOANIM
Aroyei0qen Sunssautbug (1Al jeaeN

100°L0'800°EYS’LS A I
paiyisseoun ZL6L 1snbny

|T||. e e e ——— e —

*SuU0IPI3PISUOD UBISap pue ‘ad1A1as
‘ones @/ s,mopuim 9y vo buipuadop spnilubews 1oUxa 8yl ‘00t < *D\O JO onel yodrewsww
afuejj/mopuim e 1 im paubisap aQq SMOPUIM {ONs 1Y) PAPUIWILINIBI St 1t ‘SMOPUIM D1|AL02
1221U00 33163p-06 JO 31NSSBID {EO1IID 3Y) dA0adUW Of "33} AJ3A U0 1D3))3 OU peYy 1 ‘G/ L0
> A/} UM SMOPUIM 10} 3HUM ‘ARuedipiubis GLE'0 < (J/3 Y3M SMopuIm JO asnssaxd |eanus
ayy pasies ones 3/ ui aseasou) ue ‘s e Sy "ontes 000°L = F@/Q piepuels 3yt yrm pare
-100sse sanssaid |eONLD AYI WOl %4001 SB abie) se s1 oner Igyg wi sabueys 01 anp sonel an
18211UDP1 YIM SMOPUIM JO 31nss3Id |BINIID L) 3SBBIIUL DY L "3 0L 1€ UBYY DIOW 947 OF Y |
Apieunxoadde s1 1 JoCE 18 PUB "4 04 B UBY) 353} 9507 OF %40} Aldprewsxoadde si 4,06 e smop
-UIM (2211U3P1 JO 31Nnssaad [B21114 3L 1. MOYS S1NSAL 353} YL "00G't O} LG~ *"'03) pattea
Awn: abueyy ay1 ug 1213WeEIP ALIARD MOPLIM JOUIW PUE ((}) J3XBWIEIP MOPUIM 1OUNL UIIFAAG
diysuonejal o) pue 4,06 O J,2€ W0 pauea sem armesadwol wuaiquie ay) “buipeo)
211e1SOIPAY WI3)-110YS JOPUN 2aNjiE} DIBUNLN 0 PAIS3) UJDQ JARY SONES {Q/1) J2IaWeIp-Jounry
-01-5SaU{IIYI G/ £°0 O £80°0 pue djb6ue papn|dut 32163p-06 JO SMOpuUIM DIjAIDE |BDIUN0D)

onse|d 91|AIdE [BD1UOD——SMOPUIM [3SSDA DINSSAIY °|

smi-d Lg €LL-91
AeMOW "H T pue miyoeis
‘A f AQ ‘{jeury) BuIpeoT W3} -110YS 1apur) SMOPUIAL [AIDY
1831U0Y) 8916306 O 3INSSaId I uo suoiteinbiyuc) abuejy
pue ainlesadway 3039343 “IIA LHVJ-—STISSIA IWNSSIHd

OILVLASOHOAH TVNHILNI HO TVYNHILX3 HOd SMOANIM
Aroyesoqen Bunsawbug 1m0 eaenN

100°L0'800°EYS 1S A I
passepun ZL61 ¥$nbny

"SUOHERIBPISUOD ubISap pue ‘3diAIas
‘ones g/ s,mopuim alfy uo Bupuadsp spnitubews 19exa syl ‘00"t < wQ\Q }0 O'+23 ydewsiw
abuepy/MOopuIM B M paubisap aq SMOPUIM LONS 1By} PIPUILLILIOD3L St 31 'SMOL 1A d1jAsoe
{e01u0D 83163P-QF JO @4nssald [eI1311D DY dA0IdWIE OF "3)1l] AJDA 10 193)1d Ou pey 3 ‘GLE°0
> T YHM SMOPUIM 103 3ym ‘Appuedijiubls G2 e°0 << (/) Y3IM SMOPUIM JO 8anssaad 12011140
ayy pazies ones §gyqQ ur aseasour ue ‘ajnu e sy ‘ones 000'L = 'G/Q Piepuels ay Yim pale
-150sse seanssaid |221IID 3y} Wo1) 94001 St sbie) se sy ones fgyq ur sabueyo o1 anp sonnes g
1B313UBP! Y1IM SMOPUIM JO 81nssa1d [DI114D Ul 3SBAIDUN AY Y "3q0L 18 ULYL BIOW 9657 OF %S )
Apiewnxosdde st 31 3,2€ 1€ pue ‘3,07 18 UeYl $$3) 9%0Z ©F %04 Aldrewnxordde st 4,06 18 smop
-UIM [ED11UBPI 3O 31NS531d [BO1I1ID 3YL 18YY MOLYS SIINSAL 1AL Ay L "00G° | O OL6 0 WO} PatieA
.un: abuepy ay) ul 1313WERIP ATIARD MOPUIM 10UIW PUB {(]) JO13WEIP MOPUIM J0ULL U3BNII]
diysuone|as ayd pue 4,06 01 4oTE WOy PaLeA sem dumesadwal JudKwe 3y “buipeol
211e1S0IPpAY WLIBY-1I0YS JOPUN 3INjIE) SIBWHIN O] PAXsal U3aq aAey sones (Q/1) Jalaweip-soui
~01-SS3UNDIYL G2 £°0 O3 £80°0 pue sj6ue papnjou 83168p-06 JO SMOpUILSs 91]A108 [E31U0Y

anserd d1jA15e |EJIUOY —SMOPUIM |3SSIA 3uNSS3Id "L

snip *d LG €LL-8L
ARSI Y I pue muyoels
‘A ' Aq ‘(1eurd) Bupeo wia ) -110YS 13pUf) SMOPUIAA DAY
1e21u0) 82.62Q-06 JO 94NsSalg |BO1IID UO suoneanbiyuo) abuejy
pue a1mesodwia j0 19333 "IN 1HVYd—ST13SSIA IHNSSIUd

JMLVLSOHAAH TYNUILNI HO TVNYILXZ HOd SMOANIM
Asoieisoqe Bunsaumbug A jeaen

L00'10'800'EPS LS JA I
payissepoun ZL6L wnbny

|




Unclassified
Secunty Classification

DOCUMENT CONTROL DATA-R&D

Securlty claxsilication of title, bady of ab t and indexing fon nuxt be er d when the overall report I+ class lled)
1 ORIGINATING ACTIVITY (Corporate authot) 28. REPORT SECURITY CLASSIFICATION
Naval Civil Engineering Laboratory Unclassified

b, chour

Port Hueneme, California 93043

3 REPORT TITLE

WINDOWS FOR EXTERNAL OR INTERNAL HYDROSTATIC FRESSURE
VESSELS—PART VII. Effect of Temperature and Flange Configurations on Critical
Pressure of 90-Degree Conical Acrylic Windows Under Short-Term Loading

»

. DESCRIPTIVE NOTES (Type of repoet and Inclusive dates)

Final; June 1969—Jupa 1970

T AUTHOR(S) (Firat nams, middle inlnal, ieat neme)

J. D. Stachiw and J. R. McKay

4. REPOAT DATL T3, TOTAL NO. OF PAGES 7b. NO. OF REY3
August 1972 51 14
82, CONTRACT OR GRANT NO. 96, ORIGINATOR'S REPORY NUMOKALS)
b. eroszcrno.  YF 51.543.008.01.001 TR-773
<. #0. OTHER REPORT NO(3) (Any other numbers that may be assigned
this report)
d.

10. DISTRIBUTION STATIMENT

Approved for public release; distribution unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Naval Facilities Engineering Command
Washington, D. C. 20390

13. ABSTRACT

Conical acrylic windows of 90-degree included angle and 0.083 to 0.775 thickness-to-
minor-diameter {t/D) ratios have been tested to ultimate failure under short-term hydrostatic
loading. The ambient temperature was varied from 320F to 90°F and the relationship between
minor window diameter (D) and minor window cavity diameter in the flange (D¢} varied from
0.970 to 1.500. The test results show that the critical pressure of identical windows at 900F is
approximately 10% to 20% less than at 70°F, and at 320F it is approximately 15% to 25% more
than at 70°F. The increase in critical pressure of windows with identical t/D ratios due to changes
.n /Dy ratio is as large as 100% from the critical pressures associated with the standard D/Dg =
1,000 ratio. As arule, an increase in D/Dj ratio raised the critical pressure of windows with
t/D > 0.375 significantly, while for windows with t/D < 0,375, it had no effect or very little.
To improve the critical pressure of 90-degree conical acrylic windows, it is recommended that
such windows be designed with a window/flange mismatch ratio of D/Dy > 1.00, the exact
magnitude depending on the window’s t/D ratio, service, and design considerations.

FORK A i
DD 1 HOV 031 473 (PAGE 1) Unclassified

S/N 0101.807.680) Secunty Classification




Unclassified
Security Classification

e LINK A LINK
‘ WEY WORDS ® LINK €

ROLE wT ROLE wT ROLE WY

Pressure vessel windows
Acrylic plastic

Conical windows
Short-term pressurization
Long-term pressurization
Failure modes
Displacement
Deformation

Fracture patterns

Window flange designs
Submersible windows
Undersea habitat windows
Deep-submergence windows
Viewports

Hyperbaric chamber windows

DD 1473 (sack

Unclas<’

{PAGE 2) Security Classincetion




R 527

Technical Report & WINDOWS FOR EXTERNAL OR INTERNAL

HYDROSTATIC PRESSURE VESSELS
PART 11, Flat Acrylic Windows Under Short-Term

Pressure Application

May 1967

NAVAL FACILITIES ENGINEERING COMMAND

N« VAL CIVIL ENGINEERING LABORATORY

Port Hueneme, California

*
o

'~
SO

Distribution of this document is unlimited.




WINDOWS FOR EXTERNAL OR INTERNAL HYDROSTATIC PRESSURE VESSELS
PART II. Flat Acrylic Windows Under Short-Term Pressure Application

Technical Report R-527
Y-F015-01-07-001
by

J. D. Stachiw, G. M. Dunn, and K, O. Gray

ABSTRACT

Flat, disk-shaped acrylic windows of different thickness-to-diameter ratios
have been fested to destruction under short-term hydrostatic loading at room temper-
atures, where short-term loading is defined as pressurizing the window hydrostatically
on its high-pressure face at a 650-psi/minute rate till failure of the window takes
place. Critical pressures and displacements of windows with thickness to effective
diameter ratios less than 1,0 have been recorded and plotted. The critical pressures
derived from testing flat windows in flanges with 1.5~inch, 3.3~inch, and 4.0-inch
openings have been found applicable also to flanges with larger openings, so long as
the larger windows are of the same f/Di and Do/Di ratios, where t is thickness of
the window, D; is the clear opening in the flange and therefore the effective diam~
eter of the window exposed to ambient atmospheric pressure and Dy, is overall diameter
of the window face exposed to hydrostatic pressure. The performance of flat windows
under short~term hydrostatic pressure has been found to be comparable to that of
conical windows with included angle equal to, or larger than 90 degrees.

Distribution of this report is unlimited.

Copies available at the Clearinghouse for Federal
Scientific & Technical Information (CFST1), Sills Building,
5285 Port Royal Road, Springfield, Va. 22151
Price $3.00

The Laboratory invites comment on this report, particularly on the
results obtained by those who have applied the information.
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TERMINOLOGY
The diameter of the clear opening in the flange and therefore the effective
diameter of the window.

The overall diameter of the window, or diameter of opening on high-pressure
side of flange (minus clearance).

Critical pressure or the pressure at which complete failure of the window
occurs, resulting in explosive release of pressure from the vessel and frag-

mentation of the window.

The nominal or exact measured thickness of the acrylic window.
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INTRODUCTION

The Naval Facilities Engineering Command is responsible for the construction
and maintenance of underwater structures attached to the ocean floor. Such struc-
tures may include instrumented or manned underwater surveillance or observation
posts that will rely (at least in part) on visual observation and the transmission and
reception of electromagnetic radiation through nonopaque areas of the hull for the
performance of their mission. The Deep Ocean Laboratory of the Naval Civil
Engineering Laboraiory (NCEL) is carrying out studies to provide information on the
design of underwater windows. The first report! on these studies discussed the behav-
ior of conical acrylic windows under short-term pressurization. The report in hand
presents information on the behavior of flat, disk-shaped acrylic windows under
short-term pressurization.

Flat, disk-shaped acrylic windows for high-hydrostatic-pressure applications
have received very limited attention, and only a few facets of their behavior under
hydrostatic loading have been investigated.2 Since flat windows possess characteris-
tics not inherent in conical acrylic windows currently in use in underwater structures,
it was considered desirable to investigate this type of window.

The major advantage of flat windows is the commercial availability of glass,
acrylic, epoxy, and polycarbonate material in polished transparent sheets or plates.
Conical windows require considerable precision machining to adapt fiat sheets or plates
to the window flange. On the other hand, flat windows require only simple cutting
and turning to transform flat material into usable windows. Furthermore, the fabri-
cation of the flat-window mounting flange is also much simpler. Since the mating
surfaces of both the window and flange are plane, the problem of replacement of
windows is simplified when they become defective due to mechanicai damage or the
cracking which precedes failure under pressure. There may, of course, be some
disadvantages associated with flat windows, such as smaller angle of vision for the
same flange opening, but there are sufficient advantages inherent in flat windows to
make them worthy of investigation for underwater structural applications.

The underwater structures in which flat windows could be incorporated may be
subjected fo a variety of hydrostatic loadings. Thus a series of studies must be con-
ducted to determine their behavior under short-term, long-term, cyclic, and dynamic
loading. The first of the studies conducted deals with the short-term hydrostatic
loading of flat acry!ic windows, where short-term hydrostatic loading is defined as
pressurizing the window on its high~pressure face at a 650-psi/min rate from zero
(atmospheric) pressure to its failure p essure. The purpose of this report is to document
the first experimental study.




EXPERIMENTAL PROCEDURE

The objective of the experimental study was to generate a set of performance
curves that would serve as the basis for designing flat acrylic windows for use under
short-term hydrostatic pressure. Also the critical pressures for windows had to be
determined before further optical studies could be undertaken. Therefore, experi~
mental data not only had to cover the whole range of depths encountered in the
ocean, but also had to be applicable to flat windows of different thicknesses and
diameters. .

To meet these objectives, window test specimens had to be designed that
upon testing would provide the necessary data on which generalized window design
curves could be based. This was accomplished by selecting two nondimensional
parameters for dimensioning the windows. Use of the t/D; ratio and the D, /D; ratio
(see "Teminology" and Figure 1) permitted not only the adequate description of any
window, but also scaling window dimensions up or down. In order to cover the whole
depth range in the ocean, the thickness component (t) of the t/D; ratio was varied
from 0.125 inch to 2 inches, while to prove the applicability of experimental data
to all possible window sizes the flange opening diameter (D;) component of the ratio
was varied from 1.5 inches to 4.0 inches (Table 1). Flanges and some of the windows
are shown in Figures 2, 3, and 4. The flange seat diameter ratio (D, /D;) was not
varied during the generation of the experimental data serving as basis for generalized
design curves because there were indications (see Appendix A) that varying this param-
eter would unduly complicate the study. For the same reason the various methods
for retaining the window in the flange were not investigated, although earlier explor-
atory experimental data shows3 that for some t/D; and t/D,, ratios, the type of edge
restraint used or. the window has a considerable influence on the critical pressure of
the window. To avoid confounding the data, the windows in this study were not
clamped or lapped in place, but simply sealed with grease into the flange cavity with
approximately 0.005 to 0.010 inch radial clearance between them and the flange. This
type of flat acrylic window mounting (shown in Figure 1) will be referred to in this
report as the DOL type Il flange.

Although in designing a flat acrylic window to be safe for underwater application
it is necessary to know the behavior of such windows under various types of hydrostatic
loading, only the short~term strength of windows was considered in this study. The
experimental evaluation of long-term and cyclic hydrostatic loading was relegated to
future studies on this subject. In the present study it is considered sufficient for design
purposes to have reliable data on only the magnitude of the displacement of the center
on the window's low-pressure face and the critical pressure at which a window of any
t/D; ratio fails under short-term loading.
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Figure 1. DOL type Il flange configuration for short-term
testing of flat acrylic windows.
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Figure 2. Flat acrylic windows and 1.5C-inch (D ) flange used to determine the
relationship between the window's critical pressure and t/D; ratio.




Figure 3. Flat acrylic windows and 3.33

~inch (D;) flange used to determine the
relationship between the wind

ow's critical pressure and t/, D; ratio.

Figure 4. Flat acrylic windows and 4.00~inch (D;) flange used to determine the
relationship between the window’s critical pressure and 1/ D; ratio.
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Table 1. Flat Disk Window Test Specimens

(* represents a test group of five window specimens)

Nominal . = 1.50 in. D; = 3.33 in. Dj = 4.00 in.

Thickness D; =1
(in.) Dy, =2.25 in. D, =5.00 in. Dy = 6.00 in.

1/8
1/4
3/8
1/2
5/8
3/4
7/8

£
e

* o N ¥ N ¥

1
1-1/8 *
1-1/2 *
2 * *

In order to simulate the loads encountered by flat acrylic windows in
underwater structures, window specimens were subjected to hydrostatic pressure
loading in a hydrospace simulation chamber. The pressurization of the windows
was conducted in a 16-inch naval gun shell converted into o pressure vessel4 with
woter at room temperature serving as the pressurization medium. The water was
pressurized by two air-driven, positive-displacement pumps whose pumping rate was
controlled within £50 psi/minute. Since previous studies! have shown that critical
pressure cf windows depends on water temperature as well as on pressurization rate,
an effort was made to hold these variables constant for all the window tests. The
standard pressurization rate was 650 psi/minute, and water temperature was held
between 65°F and 75°F.

The window test specimens for this study (Table 1) were fabricated by lathe
turning Plexiglas grade G sheet stock. The circular disks (Figure 1) thus formed
had an overall diameter (D) of 0.010 inch to 0.020 inch less than the flange's high-
pressure opening diameter (Dy), permitting the window to seat in its flange cavity
with 0.005 to 0.010 inch radial clearance. The manufacturer's folerances for varia-
tion in the nominal thickness of commercial sheets were accepted for the thickness
tolerance of the finished circular flat windows. The finish of the disk edges was
held to 32 rms. Dimensions recorded were the average of micrometer measurements
taken at three different locations for the window's diameter and for its thickness.




The hydrostatic testing consisted of pressurizing o flange-mounted window
(Figure 5) until failure occurred. Since the window flange is open on one side fo
the atmosphere, window fragments were ejected upon its failure (Figure 6). The
displacement of the window's low-pressure face during pressurization was measured
to £0.001 inch by means of a wire thai transmitted the displacement of the window
to a mechanical dial indicator over a pulley system without any mechanical ampli-
fication (Figures 5 and 7). To pemmit the attachment of a displacement indicator
wire to the center of the window's low-pressure face, a short acrylic rod with a
small transverse hole in one end was bonded to the window's surface with solvent-
type cement. The displacement of the window under hydrostatic pressure was read
directly from the dial indicator with a closed-circuit television system that permitted
the operators to be in a safe location during the ejection of the window from its
retaining flange when critical pressure was reached (Figures 8 and 9).

As discussed in Appendix A, silicone grease was used as a pressure seal between
the window and flange. The grease was spread by hand on the contact area of the
low~pressure face and edge of the window. Sealing was completed when the window
was placed in the flange cavity, rotated in place and pushed inward against the
flange. This was done to distribute the grease uniformly over the area of contact
and also to eliminate any small air bubbles trapped between the wii-dow and flange.
This procedure proved to be adequate as it allowed no leakage of water to occur
between the window and the flange. Care was exercised to insure that both the
flange cavity and window were clean, since the flange was used for successive
testing and tended to retain small fragments of previously tested specimens.

Since the ejection of windows in many cases fragmented them into very small
pieces, a reconstruction of the mechanism of material failure was usually impossible.
To provide data that would give an insight into the mechanism of failure, some of the
windows were pressurized only to a fraction of the window's critical pressure and then
removed for inspection of their deformation and cracks (Appendix 8).

The explosive release of energy which accompanied window failure at higher
critical pressures was quite harmful to O-rings, bolts, and flonges. To decrease the
shuck effects of this energy release, the cylindrical passage in the flange and the
adaptor flange was filled with water after the window was in place. At the moment
the window failed the water was forced through a 1/2-inch-diameter restrictive
opening in the adaptor flange. This shock-damping method was sufficient to prevent
the breaking of the eight 1/4-inch-diameter high-strength bolts connecting the
window flange and adaptor flange.




—

Piexiglas arm

-

[=¢——— 0,007"-in.-diam stainless steel wire

\—— pulley

flange adaptor

XN
AN

N
i

N
! |

il

X

)(!H Iﬁ
xﬁ'

low-
pressure ]
face ~ ),
\’):é

0% % ” ottachment

T
1

T
deflection 7
\»{ \z\‘\;\v\/ i—-dicoior/

\

[

k flange

flow
restrictor . ]
\ S\ .046.in..diam wire { T N
/ , |
4 g it -«— plastic
I” i / p tubing
/ I end closure guide
water |/ AT\
filled = /.
cavity — e —t—i— length
) H - adjustment
/ —-- pressure
—_=-. vessel
==V ” |
=F= 74 7/ e
= 7Y

14—

~t— 0,001-in. dial
indicator

—)

/» 1

mounting used in the festing of windcws.
7

Figure 5. Schematic drawing of deflection measuring apparctus and flange




£
EEARRAA TS

B s TR Ve
.«i-:&i§~ 5 :
eow i A A
R s

S et At

TP

A,
g
Rt

A g
2 ) i o S 2
b X ¢ ?,‘i «tx TR H o ii‘ e
LA % 23 2 Tl
Sl i % PN AT 3 ‘*"‘f-;’.'-'f';;?%gg ’7‘3&
Y S e A
I IS .t 3 T P e s iy
RN SRR AR ek ey o Ny
SRay A
o 33 3 ‘eﬁ’\-
% gy L
PR B
bt Sy

R "53“(‘

2, - -
N I
;@;;Igmﬁgﬁ

& : i
!

et
SR ) *‘::;-s AR
% SOt
e e s
o £ A < 5
7

B

EREATE Lot s oY

o 3
Y- 3% ‘r&;,‘?éﬁﬁf« ix. . '{;.
2 S e T B R
W’%’%&"‘ "‘,ib;f} 3'§ | S
S
5 & 5h :5 ey

F .
oy ¢ Vay
APy W TS0 TS

Figure 6. Ejection of window fragments by a high-pressure jet of water upon
faiture of the window.




Tﬂ.ﬁ%ﬂt -

Ny \(vrr - K»,oa

véio - s

o f

in place on pressure vessel.

measuring apparatus

10N =

.

Defle~t

[ERIPPIRIIY e PR

AL T g Y

igure 7.

F




ﬁ

Air-driven positive displacement pumps (1) supply water under pressure to the Mk | 9-in. pressure
vessel {(2). Pressure is monitored by gage (3) and recorded. Dial indicator (4) is watched via
closed-circuit television camera (5) and monitor (6). Operator is thus enabled to record data
behind safety barricade.

Figure 8. Schematic plan of experimental setup.

Figure 9. Pressuie gages, pumps, and closed-circuit television monitor
used behind barricade during testing.
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DISCUSSION
General

The flat acrylic windows failed either in flexure or in shear, depending on
their f/Di ratio. The failure modes and mechanisms are discussed in detail in
Appendix B, and deflection data are presented in Appendix C. In most cases, the
center of the window was ejected in the form of small fragments, while in few cases
in the low t/D; ratio range the center was not ejected, as the formation of large
cracks in the window at low pressure vented the pressurized water, and thus removed
the energy required for ejection of the window. The critical pressures of windows
were found to vary exponentially with their t/D; ratio. When the critical pressures
of windows with the same D, /D; and t/D; ratios, and effective diameters of 1.50,
3.33, and 4.00 inches were plotted on the same graph (Figure 10) they were found
to fall in the same failure region. This indicates that the critical pressure of a flat
acrylic window is depender.t only on the 1/D; ratio (and the mounting of the wirdow
in the flange).

The displacement of the windows also varied with their t/D; ratio. Comparison
of displacements of windows having effective diameters (D;) of 1.50 inches (Figure 11),
3.33 inches (Figure 12), and 4.00 inches (Figure 13) shows that the displacements;
besides being a function of 1/D; ratio are also a function of wj. Although there are
insufficient experimental data to establish a reliable relationship between the magni-
tude of displacement and the D; of the window in ROL type Il flange, it appears
that the displacement is directly proportional to the D; of the window.

The critical pressures of flat acrylic windows when compared to the critical
pressures of conical acrylic windows investigated in previous studies! were found to
be approximately of the same magnitude as the critical pressures of conical windows
of same 1/D; ratio and having an included angle equal to, or larger than 90 degrees.
Thus, it would appear that the flat acrylic windows mounted in the DOL type Il1
flange are us resistant to short~term nydrostatic loading as the conical windows with
included angle equal to, or larger than 90 degrees.

A technical discussion of the relationship between the critical pressure, D /Dj
ratio, radial clearance between the window and the flange, and the method of sealing
is presented in detsil in Appendix A,

A technical discussion of the mode of failure of flat acrylic windows is presented
in detail in Appendix B.
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Effect of Loading Conditions

Preliminary results .rom other studies in progress indicate that the critical
pressures and deflections of acrylic windows are adversely affected by higher
temperatures, and sustained or cyclical pressure loading. The designer is therefore
cautioned that the data presented in this report pertains only to short-term pressure
locding as defined for this study. If the short-term critical pressure data is used as
a design basis for windows subjected to long term or cyclical loading, a safety factor
of at least four, based on the short-term critical pressure, is recommended for the
preliminary selection of window thickness. Subsequently a full-scale window with
dimensions selected on the basis previously described should be tested under the full
loading expectancy of the design. When experimental data for long-term and
cyclical pressure loading become available the presently recommended approximate
safety factor will be replaced by precise critical-pressure design curves plotted as
a function of loading duration or number of pressure cycles.

Effect of Variations in Flange Design

Effects of flange designs different from DOL type 11] have not yet been
investigated. Variations of direct influence on deflection and critical pressure
would be (1) the use of a refaining ring against the high-pressure face, (2) the use
of gaskets with or without a retaining ring, (3) using a radial clearance less than
0.005 inch between the window and flange, and (4) using a different flange shoulder
thickness at Dj.

It is postulated that use of a retaining ring incorporated in a flange design
would increase the critical pressure capabilities and decrease deflections of windows
whose t/D; ratio is less than about 0.4 o 0.5. This size window, failing predominantly
by flexure would be more drastically influenced than would be the windows of #/Dj
ratios greater than about 0.5, which fail predominantly by shear.

Flat bearing gaskets employed in a flange design are postulated to have varying
effects, depending on the gasket's thickness and hardness and whether a retaining
ring is also employed. Again the smaller t/D; ratio windows would probably be more
affected than would be the larger t/D; rafio windows.

The magnitude of the flange thickness should not affect the window's short-term
critical pressure so long as it is sufficiently thick to restrain radially the extruding
portion of the window's low-pressure face prior to its failure. Also, the flange
shoulder must be sufficiently thick to be rigid in comparison to the flexural rigidity
of the flat acrylic window supported by the shoulder.
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FINDINGS

1. The critical pressure of flat acrylic windows under short-term hydrostatic loading
has been found to be solely a function of their t/Dj ratios, so long as their material
composition and Dy, /Dj ratios, the rate of pressurization, temperature of pressurizing
medium, and the method of retaining the window in the flange are the same.

2. The axial displacement of the window's low-pressure face center has been found
to vary both with the window's t/D; ratio and its Dj.

3. The critical pressures of flat acrylic windows under short~term hydrostatic loading
in a DOL type I flange have been found to be approximately the same as the critical
pressures of conical acrylic windows with included angle equal to, or larger than

90 degrees, tested in DOL type | flanges under the same temperature and pressurization
conditions. 1

CONCLUSIONS

1. Flat acrylic windows have been found to perform successfully under short-term
pressure application in pressure vessels and hydrospace structures.

2. Flot acrylic windows may be substituted for conical windows of 90 degrees or
greater included angle, of similar thickness and effective diameter for shori-term
pressurization applications.




Appendix A

DISCUSSION OF WINDOW MOUNTINGS

INTRODUCTION
Variables Investigated

In conjunction with the experimental program investigating the relationship
between the t/D; ratio of flat acrylic windows and their critical pressure, an explor-
atory study was initiated to investigate several window-mounting variables which
probably influence this relationship. The variables investigated were: (1) the
relationship between the overall diameter (Do) of the window disk and the eff=ctive
diameter (D;) of the window's unsupported viewing area as defined by the supporting
shoulder of the window flange; (2) the method of making a pressure-tight seal between
the window and the flange; and (3) the effect of radial clearance between the window
and the flange. For these preliminary investigations, several test arrangements were
devised and a number of windows were tested using each arrangement (Table A-1).

Experimental Methods

For the evaluation of the effect of the D_/D; ratio of windows on their critical
pressure, two different flanges were fabricated that had the same D; but different D
openings (Figures A-1a, A-1c, and A-2). Windows (Figures A-3a and A-3c) of the same
thickness, but with a Dy that matched the Dy, of the flanges were tested in these
flanges.

To evaluate the influence of the sealing method on the critical pressure of
flat windows, two different types of seals were used in both the large and the small
Do/D; ratio windows. The two types of seals used were an O-ring seal (Figures A-3b,
A-3d, and A-4) under radial compression located around the circumference of the
window, and a grease, surface-to-surface seal (Figures A-3a, A-3c, and A-5)
between the window's low-pressure face and the flange's facing (Figures A-la and
A-1lc). If the collapse pressure of windows tested in them remained the same regard-
less of the seal used, it could be postulated that the two methods of sealing were
equivalent, and exerted no influence on the collapse pressure of windows. Collapse
pressures of different magnitude resulting from the use of different sealing systems
would, on the other hand, be indicative of seal's influence on the collapse pressure,
and thus the collapse pressure of windows would have to be evaluated for each
different kind of sealing method.
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Figure A-1. Flanges employed in investigation of window mountings.
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Figure A-3. Details of flat acrylic windows used in investigation
of window mountings.
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Figure A-4. Flat acrylic windows used with O-ring sealing technique
in the investigation of window mountings.

(0]

Figure A-5. Flat acrylic windows used with plane surface (grease) sealing
technique in the investigation of window mountings.
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The influence of window fit on the critical pressure was investigated with
windows having the same D /Dj ratio and thickness (Figures A-3a and A=-3b) fitted
into flanges with different major diameters (Figures A=la and A-1b). In one of the
flanges (Figure A-1a) the pretest radial clearance between the windows and the
flange was either 0.001 inch (Figure A-3b) or 0.025 inch (Figure A-3a), while in the
other flange (Figure A-1b) the clearance was 0.125 inch. A radial clearance of
0.001 or 0.025 inch when the window is subjected to hydrostatic pressures above
10,000 psi is calculated to result in an interference fit between the window and the
flange, thus resulting in a lateral constraint of the window. The flange (Figure A-1b)
and window (Figure A-3a) assembly with the initially larger radial clearance of
0.150 inch, even when subjected to hydrostatic pressures that destroyed the window,
did not cause it to be wedged inside the flange opening. With such an arrangement
it was possible fo determine whether the wedging in of the window in the flange
under hydrostatic pressure had any measurable influence on the critical pressure of
flat windows.

DISCUSSION
Relationship Between Critical Pressure and D, /Dj Ratio

Tests to determine the relationship between critical pressure and D, /D; ratio
were conducted with five 2-inch (D) windows in a 1.5-inch (D;) flange and five
4-inch (D,) windows in a 1.5-inch (D;) flange. The windows were sealed in the
flange with the aid of silicone grease, which was liberally applied to the bearing
as well as the radial surfaces of the flat circular window. For both the 2~inch and
the 4~inch (D) windows, the radial clearance between the window and the flange
was 0.025 inch.

When tested *o destruction, the average critical pressure of 2-inch (D)
windows was 18,490 psi (Table C-1), while the critical pressure of 4-inch (D)
windows was 19,190 psi (Table C-16). The small difference between the average
critical pressures of the 2~inch and the 4-inch (D) windows with a 0.5 t/Dj ratio
seemed to indicate that varying the Dy /Dj ratio from 1.33 to 2.67 did nof signifi-
cantly influence the critical pressure of flat acrylic windows, since the maximum
collapse pressure found in 2~inch (D) windows (18,900 psi, Table C-1) overlapped

the minimum collapse pressure found in 4-inch (D) windows (18,800 psi, Table C-16).

Since the critical pressures of windows with 1.33 and 2.67 D /D; ratios are
approximately the same so long as their t/D; ratios are identical, a flange with an

intermediate Dy, /Dj ratio of 1.5 was selected for the conduct of the main flat-
window study program.
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Relationship Between Critical Pressure and Sealing Technique

The evaluation of window sealing methods was conducted with a total of
20 windows (10 untested windows in addition to the 10 already tested in the evalua-
tion of D /D; ratio study). Five of the additional windows had a 1.33 D, /D; ratio
and a 0.5 i‘/Di ratio and a D, of 2 inches (Figure A-3b), while the five others had
a 2.67 Dy /D; ratio and a 0.5 1/D; ratio with a Dy of 4 inches (Figure A-3d). All
10 windows had a nominal 1/8~inch-diameter radial O-ring seal located "n a groove
machined in the window 0.125 inch below its high~pressure face.

When the windows were tested to destruction in appropriate flanges (Figures A-la
and A-1c), the critical pressures of the O-ring-equipped acrylic flat windows were
19,060 (Table C-2) and 19,270 psi (Table C~17) — reasonably close to the pressures
(18,490 and 19,190 psi, Tables C-1 and C-16) of the corresponding windows sealed
in the flange with silicone grease. The displacements of the C-ring-equipped win-
dows were approximately the same as the displacements of grease-sealed windows
with the identical D, /D; and t/Dj ratios (Table A-1).

Thus, both seal designs are of equal desirability, so long as the sole criterion
for their selection is their influence on the critical pressure of the flat acrylic window.
For the main body of the flat window study program, where the relationship between
the t/D; ratio and critical pressure is investigated, the grease-seal design was selected.
This design permitted *he investigation of very thin, flat windows into whose body an
O-ring seal could not be incorporated.

Relationship Between Critical Pressure and Window Fit

Evaluation of the effect on critical pressure of radial clearance between the
flat acrylic window and the steel flange was conducied with a total of 25 windows
(5 untested windows in add’tion to the 20 tested in previous tests). The radial clear-
ance between the acrylic window and its flange varied from one group of window
specimens to another. One group of 10 windows tested previously had a radial
clearance of 0.007 inch (Figures A-3b and A-CH); another previously tested group
of 10 had a clearance of 0.025 inch (Figures A-3a and A-3c). The group of 5 win-
dows tested in addition to the 20 windows tested previously had a radial clearance
of 0.150 inch (Figure A-3a). Appropriate flanges (Figures A-la, A-1b, and A-lc)
were used with the windows fo result in 0.001-inch, 0.025-inch, and 0.150-inch
clearances.

When the critical pressures of all the window groups were compared to each
other, no significant difference in critical pressures could be found between the groups
of windows possessing radial clearances of 0.001 inch and 0.025 inch, respectively.
There was, howevar, a significant difference between the 16,960-psi (Table C-3)
critical pressures of the window group with a radial clearance of 0.150 inch and the
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pressures of two window groups with the 0.001-inch (19,060 psi and 19,270 psi) and
0.025-inch (18,490 psi and 19,190 psi) radial clearances. The difference in the
average critical pressure was approximately 10%, the windows with the 0.150-inch
radial clearance failing at the lower critical pressures.

It would thus appear that it is to the designer's advantage to specify small
clearances between the flat acrylic window and its flange, since by doing this he
accomplishes two desirable objectives. His design not only results in ¢ window that
has superior critical pressure, but also is easier to seal in the flange. The small
radial clearances are ideal for sealing the window in the flange with a radial O-ring
seal, or silicone rubber potting-type seal. Because of these findings, the main body
of window test program was conducted with windows that fit into the steel flanges
with a 0.005- to 0.010~inch radial clearance.

FINDINGS

The exploratory tests in the window mounting investigation seemed to indicate
that (1) varying the D,/Dj ratio from 1.33 to 2.67, (2) changing the radial clearance
between the window and the flange from 0.001 inch to 0.025 inch, and (3) substituting
a radial O-ring seal for a grease seal have no significant influence on the critical
pressures of flat acrylic windows with a 0.5 t/D; ratio. When the radial clearance is
increased to 0.150 inch, the critical pressure of the 0.5 t/D; ratio window is reduced.

Whether these conclusions are applicable fo flat acrylic windows with i/D;
ratios other than 0.5 is unknown. Some of the data generated in the main body of
the flat window program have raised serious doubts that the conclusions hold for the
whole t/D; range. For example, the critical pressure of windows with a nominal
0.167 t/D; ratio and a 1.5 Do /Dj ratio was discovered to be 723 psi for ¢ radial
clearance of 0.005 inch and 2,100 psi for a radial clearance of 0.001 inch.

Thus, it would appear that for i’/Di ratios less than 0.5, any change in radial
clearance below 0.005 inch influences its critical pressure considerably. Future
studies will attempt to clarify this problem.
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Appendix B

FAILURE MODES OF FLAT ACRYLIC WINDOWS

DISCUSSION

In nearly all cases for cll sizes of windows tested, failure began with radial
cracking on the window's low-pressure face. Radiating outward from near the
center, the cracks commonly formed a nonsymmetrical, three- or four-pointed
figure. This form of cracking preceded failure in nearly all cases and is assumed to
be the beginning of failure (Figures B-1 and B-2). Depth of cracking was found to
be a function of the thickness, t/D; ratio of the window, and the pressure of the
fluid. Since audible cracking was noted during testing, it is postulated that these
radial cracks were rapidly formed, terminating af the window’s Dj, Depth of
cracking in the low-pressure face in most cases was found to be a small fraction of
the window's thickness.

With additional pressurization, a second stage of failure began to develop.

A conchoidal or "cupped cone" fracture was established, emanating from the
base of the radial cracks and proceeding radially inward and circumferentially
(Figures B-2 and B-4). The formation of a conchoidal fracture surface preceded
failure in all cases observed.

Simultaneously, as the conchoidal fracture surface was formed, the radial
cracks increased slightly in depth (Figures B-5 and B-6). Cracks did not deepen
uniformly and new cracks developed with further pressurization. The additional
cracking gave rise to formation of new and deeper conchoidal fracture surfaces.
Additional pressurization caused the circumferential expansion and coalescence
of the conchoidal fracture surfaces into one conical fracture surface as well as an
increase in fracture depth (Figures B-7 and B-8). Cracking and formation of con-
choidal fracture surfaces continued (Figures B-9 and B-10) deeper into the window's
thickness unfil the critical pressure was finally reached resulting in the fragmentation
and expulsion of the window's low=-pressure face (Figures B-11 and B-12). The size
of the central hole was a function of #/D; ratio and D;. The conical cavity resulting
from the expulsion of the center portion of the window consistently assumed an
spproximate angle of 30 degrees with the high-pressure face.

Cracking between the window's D; and D, occurred concentrically with the
window's circumference, nearly perpendicular to and emanating from the low-pressure
face. This cracking was sometimes accompanied by small radial intersecting cracks
(Figure B-9). This form occurred with larger 1/D; ratios, failure still assuming the
conical surface form. The circumferential cracks sometimes penetrated the window's
thickness but still did not constitute a plane of failure.
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Considerable cold-flow cratering occurred on the high-pressure face before
the critical pressure was reached (Figure B-13). Both elastic and plastic extrusion on
the low-pressure face were also experienced by the window at this time (Figure B-14).

Windows whose 1/D; ratios exceeded about 0.50 failed predomma’rely by shear;
the conical fracture surface was unable fo penetrate the thickness of the material
(Figures B-15 and B-16). At the critical pressure, the entire window was penetrated
by discontinuous cracks and the central portion (bounded by D;) was completely
ejected,

RESULTS OF TESTS
1.5-Inch (D;) Windows

The 1.5~inch (D;) windows were tested in groups of five; the nominal t/D;
ratios included the range from 0.083 to 0.667. For each group, critical pressure
was plotted against the t/D; ratio (Figure B~17) and pressure was plotted against
the window's central displacement.

The windows having /D ratios less than 0.2 exhibited both flexural and
conical failures. Parametric considerations were the window's radial clearance,
pressurization rate, and grease-seal thickness. No attempt was made to isolate
these effects in this study.

For a t/D; ratio between 0.2 and 0.4 the principal failure was conical, the
cone's apex reachlng the high-pressure face toward the upper limit of critical
pressure (Figure B-12). Audible cracking during pressurization wccurred mostly at
levels above 75% of critical pressure and occurred fairly consistently between 90%
of critical pressure and failure.

Windows of t/D; ratios greater than 0.4 failed predominantly by shear,
fragmentation being so complete that sometimes none of the window material was
retained in the flange. Extrusion of these windows caused audible cracking to
oceur many times before critical pressure was reached. For t/D; ratios of less than
about 0.25 pressurization to approximately 70% of critical pressure resulted in no
visible evidence (to the naked eye) that the windows had been pressurized. For
i'/D ratios between 0.25 and 0.55, the extrusion of the window at 70% of critical
pressure caused a shallow impression of the flange seat to appear (Table B-1); however,
on examinction after release of pressure no visible impairment of optical quality
inside this impression was apparent to the naked eye. For windows of t/Dj; ratios
greater than 0.55, the development of cracks accompanied extrusion and depression.

Details of flanges used in testing the 1.5~inch (D;) windows are shown in
Figure B-18 and an in-place schematic is shown in Flgure B-19.
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Table B-1.

Extrusions of Some Flat Disk Windows Measured
After Pressurization

% of Group

Specimen . Measured2/ Average
i No. tl/ - 1/D; Ratio Set (in.) Critical
Pressure
141 0.125 0.083 0.000 70
142 0.248 0.165 0.000 70
143 0.355 0.237 0.000 68
144 0.497 0.331 0.001 70
145 0.613 0.409 0.002 70
146 0.735 0.4%90 0.026 98
147 0.735 0.490 0.002 673/
148 0.857 0.572 0.011 87
149 0.982 0.655 0.024 92
150 0.983 0.655 0.029 85
151 0.121 0.036 0.000 70
152 0.349 0.102 0.000 70
153 0.607 0.182 0.000 65
154 0.848 0.254 0.000 70
155 1.130 0.339 0.004 70
156 1.452 0.436 0.003 70
157 2,000 0.600 0.004 68
158 1.991 0.598 0.034 99
159 2,008 0.602 0.037 98
160 0.233 0.058 0.000 64
161 0.455 0.107 0.000 63
162 0.968 0.242 0.000 59
163 1.987 0.496 0.002 55

1/ Thickness measured prior to pressurization.
2/ Measured 7 days after pressurization.

3/ See Figure B-26,

Note: The maximum pressure was immediately relieved by either (a) bleeding
pressurized fluid from the vessel or (b) the development of leaks around
the window caused by deformation of the window under pressure.




2.250 in.*
o, e

- 9/32-in. diam, 4 places,
2.248 in. 90 degrees apart
6\4 / grees ap
/ 7 V/ /w4
Y ' ?\17/16 in. radius/ /
: o
4 32 / 2in.
/ vl ‘ . /% 4 l
% VA i At il ede:” /A |V
|
1.501 in.
» 1.499 i:. 1 Test Flange (mild steel)
- 7.25 in. -
-t 8.0 in. -~
3.000 in.
. 9/32-in. diam, 4 places,
42 2.750 in. 0.070 in. / 90 degrees apart
N a ¥ .
Y ]
i
/ I l / 2 in.
% / N / f lv
v « .
il A | // A1
' /3\2 1 49|9 in
‘1.498 in.
7.25 in. - Backup Plote {mild steel)
- 8.0 in. >
chamfer edge
_ _ _ ].4;78 in.
1.497 in.
Alignment Pin
wat 4 in. >

* Indicates maximum ond minimum dimensions allowable.

Figure B-18. Details of flange assembly used to determine the relationship between
the window's critical pressure and t/D; ratio for 1.50=inch D;) windows.
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Figure B-19. Schematic of a typical window and flange test assembly secured
to the end closure of a Mk | 9-inch pressure vessel.
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3.33-Inch (D;) Windows

The 3.33-inch (D;) windows were tested in groups of five and had t/D; ratios
ranging from 0.036 to 0.600. For each group the critical pressure was plotted

against the t/D; ratio (Figure B-20) nd the pressure was plotted againsi deflection.

Windows wnfh t/D; ratios of less than 0.1 exhibited both the conical and
flexural failure modes whereas windows with t/D; ratios betweer. 0.1 and 0.4 failed
only in the conical fracture mode previously described. Concentric cracking was
observed toward the upper t/D; limit. These cracks propagated from the low=-pressure
face. .

Shear failures were characteristic of windows whose t/D; ratios were greater
than about 0.4 (Figure B-16). Combi. .d with the shear failure pattern were the
various combinations of radial and circumferential cracks discentinuous throughout
*he window. Detai'" of flanges used in testing the 3.33-inch (D;) windows are
shown in Figure B-21 and an in-place schematic is shown in quure B-22,

4.00-Inch (D;) Windows

The ’r/Di ratios of the 4.00-inch (D;) specimens ranged from 0.058 to 0.498.
Four groups consisting of five windows each were used in the comparative study.
Critical pressure was plotted ogainsf the t/D; ratic (Figure B-23) and pressure was
plotted against deflection.

Results of limited testing of 4 00~inch (Dj) windows were consistently
comparable with those for the 1.50-inch, and 3.33-inch (D;) specimens. Flexural
and conical surface failures were witnessed for t/Dj raiios less than 0.1 and conical
failures were observed for t/D; ratios between 0.1 and about 0./  Shear failure was
dominant for t/D; ratios greater than about 0.4.

Details of flanges used in testing the 4.00~-inch (D;} specimens are shown in
F.ure B-24 and an in-place schematic is shown in Figure B~25. Extrusicn, retained
G* permanent set in the specimens (Figure B-26), is summarized in Table B-1 for
specimens which were not pressurized to critical pressure.

SUMMARY

Failure mechanisms characteristic of the 1.50-inch (D;) windows were found
also to be characteristic of the 3.33~inch and 4.00-inch (D;) windows so long as
t/Dj ratios were similar. Critical pressures derived from testing of windows having
a different D; in the DOL type 1l flange design were found to be comparable so long
as the DO/D ratio was maintained at 1.5, temperatures were within the 65°F to
75°F range, and the radial clearance was kept to less than 0.010 inch.
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drill 1/4 x 20, 8 places,
45 degrees apart

L
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material: mild steel

Figure B-21. Details of assembly used to determine the relationship between the
window's critical pressure and t/Dj ratio for 3.33-inch (D;) windows.
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Figure B-22. Schematic of 3.33-inch (D;) window and flange in end closure of
Mk | 9-inch pressure vessel.
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Figure B-24.
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motericl: mild steel

Details of flange used to determine
the relationships between the
window's critical pressure and t/D;
ratio for 4.00-inch (D;) windows.
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Figure B-25. Schematic of 4.00-inch (D;)

window and test flonge assembled
to the end closure of the Mk |
9-inch pressure vessel.
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Figure B-26. Permanent extrusion of low-pressure face of a flat acrylic window having
a 0.490 f/Di ratio; window pressurized to 67% of ultimate critical pressure.
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Appendix C
AXIAL DISPLACEMENT AND CRITICAL PRESSURES OF

FLAT ACRYLIC WINDOWS SUBJECTED TO HYDROSTATIC
PRESSURE IN DOL TYPE 11l FLANGES
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Table C-1. Hydrostatic Test Data for Nominal 1.50=Inch (D;) -2.00-Inch (D)
Flat Acrylic Windows, Test Specimens 1-5

(Sealed with grease; radial clearance 0.020 to 0.030 inch; nominal Do/Di rotio 1.33)

Specimen Number Valve
Parameter
i 2 3 4 5 | Max | Avg | Min
Thickness (in.) 0.735 { 0.744 | 0.741 | 0.730 | 0.744 | 0.744 | 0.739 | 0.730
D,, {actual, in.) 1.960 | 1.950 | 1,955 | 1.951 1,945 | 1.960 | 1.952 | 1.945
Temperature (°F) 66.0 66.5 64.5 63.5 65.5 66.5 65.3 63.5
t/Di Ratio (actual) 0.490 | 0.496 | 0.493 | 0.487 | 0.496 | 0.496 | 0.492 | 0.487
Pressurization Rate (psi/min) | 686 662 783 665 1,2011/ 783 699 662
Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
1,000 0.001 | 0.001 | 0.001 | 0.002 | 0.002 | 0.001 | 0.001
2,000 0.001 | 0.003 | 0.003 | 0.003 | 0.005 | 0.005 | 0.003 | 0.001
3,000 0.005 | 0.005 | 0.009 { 0.008 | 0.009 | 0.007 | 0.005
4,000 0.005 | 0.008 | 0.007 | 0.015 | 0.012 | 0.015 | 0.009 | 0.005
5,000 0.007 | 0.009 | 0.008 | 0.020 | 0.015 | 0.020 | 0.012 | 0.0C"
6,000 0.008 { 0.011 | 0.010 | 0.025 | 0.021 [ 0.025 | 0.015 | 0.008
7,000 0.010 | 0.013 | 0.011 | 0.032 | 0.027 | 0.032 | 0.019 | 0.010
8,000 0.011 | 0.015 | 0.013 | 0.036 | 0.032 | 0.036 | 0.022 | 0.013
9,000 0.014 | 0.018 | 0.031 | 0.042 | 0.038 | 0.042 | 0.030 | 0.018
10,000 0.019 | 0.022 | 0.032 | 0.048 | 0.044 | 0.048 | 0.034 | 0.022
11,000 0.026 | 0.030 | 0.034 | 0.055 | 0.050 | 0.055 | 0.041 | 0.030
12,000 0.035 | 0.037 | 0.036 | 0.064 | 0.058 | 0.064 | 0.048 | 0.036
13,000 0.045 | 0.043 | 0.054 | 0.076 | 0.065 | 0.076 | 0.059 { 0.043
14,000 0.055 | 0.050 0.086 | 0.075 | 0.086 | 0.071 | 0.050
15,000 0.074 | 0.060 0.099 | 0.086 | 0.099 | 0.084 | 0.060
16,000 0.091 | 0.087 0.112 | 0.109 | 0.112 | 0.100 | 0.087
17,000 0.127 | 0.107 0.127 | 0.127 | 0.127 | 0.120 | 0.107
18,000 0.137 0.160 | 0.165 | 0.165 | 0.154 | 0.137
Pressure at Failure (psi) 17,500 | 18,600 | 18,600 | 18,900 | 18,850 | 18,900 | 18,490 | 17,500

1/ Not included in average pressure value.
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Table C-2.

Hydrostatic Test Data for Nominal 1.50-Inch (Dj) -2.00-Inch (Do)
Flat Acrylic Windows, Test Specimens 6 -10

(Secled with O-ring; radial clearance 0.0005 to 0.0010 inch; nominal Dy /Dj ratio 1.33)
Specimen Number Value
Parameter
6 7 8 9 10 Max Avg Min
Thickness (in.) 0.749 | 0.745 | 0.729 | 0.747 | 0.733 | 0.749 | 0.74) 0.729
D, (octual, in.) 1.999 1.998 1.999 1.988 1.988 1.999 1.998 1.998
Temperature (°F) 65.0 67.5 62.5 64.5 65.5 67.5 65.0 62.5
t/D; Ratio (actual) 0.499 | 0.496 | 0.486 | 0.498 | 0.488 | 0.499 | 0.493 | 0.486
Pressurization Rate (psi/min) | 668 664 655 651 657 668 661 651
Pressure (psi) Axial Displacement of Center Point on Window's Low~Pressure Face (in.)
1,000 0.002 | 0.001 0.003 | 0.003 | 0.002 | 0.003 | 0.002 | 0.001
2,000 0.003 | 0.006 | 0.004 | 0.006 | 0.008 | 0.008 | 0.005 | 0.003
3,000 0.005 | 0.010 | 0.005 | 0.008 | 0.014 | 0.014 | 0.008 | 0.005
4,000 0.012 { 0.011 0.007 | 0.010 | 0.020 | 0.020 | 0.012 | 0.007
5,000 0.013 | 0.021 0.009 | 0.013 | 0.024 | 0.024 | 0.016 | 0.009
6,000 0.023 { 0.026 | 0.011 0.015 | 0.030 | 0.030 | 0.021 0.011
7,000 0.024 | 0.032 | 0.012 | 0.017 ] 0.033 | 0.033 | 0.024 | 0.012
8,000 0.033 | 0.038 | 0.014 | 0.019 | 0.039 | 0.032 | 0.029 | 0.014
9,000 0.034 | 0.043 | 0.016 | 0.021 0.044 | 0.044 | 0.03z | 0.016
10,000 0.045 | 0.049 | 0.018 | 0.023 | 0.050 { 0.050 | 0.037 | 0.018
11,000 0.047 | 0.054 , 0.021 0.026 | 0.058 | 0.058 | 0.041 0.021
12,000 0.056 | 0.063 | G.023 | 0.029 | 0.065 | 0.065 | 0.047 | 0.023
13,000 0.064 | 0.070 | 0.026 | 0.031 0.074 | 0.074 | 0.053 | 0.026
14,000 0.075 | 0.081 0.035 | 0.042 | 0.083 | 0.083 | 0.063 | 0.035
15,000 0.085 | 0.09 0.032 | 0.wd46 | 0.096 | 0.09 | 0.071 0.039
16,000 0.096 | 0.103 | 0.058 | 0.062 | 0.110 | 0.110 | 0.086 | 0.058
17,000 0.110 | 0.122 | 0.083 | 0.080 | 0.137 | 0.137 | 0.106 | 0.083
18,000 0.146 | 0.155 | 0.114 | 0.110 | 0.185 | 0.185 | 0.142 | 0.110
19,000 0.206 | 0.206 0.206
Pressure at Failure (psi) 19,450 | 19,150 | 19,000 | 18,850 | 18,850 | 19,450 19,060 | 18,850
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Table C-3. Hydrostatic Test Data for Nominal 1.50-Inch (D;) -2.00-Inch (D,)
Flat Acrylic Windows, Test Specimens 11-15

(Sealed with grease; radial clearance 0.145 to 0.155 inch; nominal Dy, /D; ratio 1.33)

Specimen Number Value
Parameter
1 12 13 14 15 Max Avg Min
Thickness (in.) 0.753 | 0.743 | 0.735 | 0.743 | 0.734 | 0.753 | 0.742 | 0.734
D, (actual, in.) 1.960 | 1.955 | 1.950 |. 1.945 | 1.951 1.960 | 1.952 | 1.945
Temperature (°F) 6%9.0 69.0 68.5 69.1 67.2 69.1 68.6 67.2
t/D; Ratio (actual) 0.502 | 0.495 | 0.490 | 0.495 | 0.489 | 0.502 | 0.494 | 0.489
Pressurization Rate (psi/min) | 665 791 659 665 670 791 690 659
Pressure (psi) Axial Displacement of Center Point on Window's Low=Pressure Face (in.)

1,000 0.001 | 0.001 ] 0.001 | 0.002 | 0.001 | 0.002 | 0.001 | 0.001
2,000 0.002 | 0.002 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.002
3,000 0.004 | 0.003 | 0.005 | 0.004 | 0.005 | 0.005 | 0.004 | 0.003
4,000 0.005 | 0.005 | 0.006 | 0.006 | 0.006 | 0.006 | 0.006 | 0.005
5,000 0.006 | 0.006 | 0.007 | 0.008 | 0.007 | 0.008 | 0.007 | 0.006
6,000 0.007 | 0.008 | 0.009 | 0.009 | 0.009 | 0.009 | 0.008 | 0.007
7,000 0.009 | 0.009 | 0.010 | 0.011 {.0.010 | 0.011 | 0.010 | 0.009
8,000 0.012 | 0.011 { 0.012 | 0.013 | 0.012 | 0.013 ] 0.012 | 0.0%1
9,000 4013 y 0.013 | 0.0i4 | 0.014 | 0.014 | 0.014 | 0.014 | 0.013
10,000 0.014 { 0.015 | 0.016 | 0.017 | 0.016 | 0.017 | 0.016 | 0.014
11,000 0.015 | C.017 | 0.018 | 0.019 | 0.018 | 0.019 | 0.017 | 0.015
12,000 0.019 { 0.020 | G.020 § 0.021 | 0.020 | 0.021 | 0.020 | 0.019
13,000 0.022 | 0.024 } 0.023 | 0.027 | 0.037 | 0.037 | 0.022 | 0.022
14,000 0.025 | 0.040 | 0.038 ; 0.022 | 0.040 | 0.040 | 0.035 | 0.025
15,000 0.059 | 0.068 | C.05C | 0.044 | 0.068 | 0.055 | 0.044
16,000 0.0%90 0.06" ~ 0.079 | 0.090 | 0.079 | 0.069

17,000 0.100

18,000

Pressure ot Foilure (psi) 17,700 | 16,700 | 15,650 | 17,900 | 16,550 | 17,900 | 16,960 | 15,650
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Table C-4. Hydrostatic Test Data for Nominal 1.50~Inch (D;) ~2.25-Inch (D)
Flat Acrylic Windows, Test Specimens 16 -20

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal D, /D; ratio 1.5)

Specimen Number Value
Parameter
16 17 18 19 20 Max Avg Min
Thickness (in.) 0.123 | 0.1i2 | 0.117 | 0.115 ] 0.120 | 0.123 | 0.117 | 0.117
D,, (actual, in.) 2.245 | 2.243 | 2.240 | 2.238 | 2,241 | 2.245 | 2.241 | 2.238
Temperature (°F) 68 68 68 69 69 68 68
t/D; Ratio (octual) 0.082 { 0.075 | 0.078 | 0.077 | 0.080 | 0.082 | 0.079 | 0.075

Pressurization Rate (psi/min) [ 153 200 292 144 480 480 254 144

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
50 0.010 | 0.026 | 0.014 { 0.027 | 0.017 | 0.027 | 0.019 | 0.010
100 0.017 | 0.042 | 0.030 | 0.047 | 0.038 | 0.047 | 0.035 | 0.017
150 0.036 0.046 | 0.046 | 0.041 | 0.036
200 0.041 0.050 | 0.050 | 0.046 | 0.041
250 0.051 0.052 | 0.052 | 0.051 | 0.051
300 0.057 0.057 | 0.057 | 0.057 | 0.057
350 0.063
400 0.073
450 0.083
Displacement at Failure (in.) | 0.067 | 0.060 | 0.050 0.083 | 0.083 | 0.065 | 0.050
Pressure at Failure (psi) 147 160 338 124 450 450 244 124

Notes:

1. Pressurized slowly to facilitate taking displacement dats.
2. Grease sealing and pressurization procedure may have caused errativ results.
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Table C-5. Hydrostatic Test Data for Nominal 1.50-Inch (D;) -2.25-inch (D)
Flat Acrylic Windows, Test Specimens 21-25

(Sealed with grease; radial clearance 0.002 to 0.005 inch; nominal D, /D; ratio 1.5)

Specimen Number Value
Parameter
21 22 23 24 25 Max Avg Min
Thickness (in.) 0.121 | 0.112 | 0.119 | 0.119 | 0.11¢ | 0.121 | 0.119 | 0.119
D, (actual, in.) 2,245 | 2,244 | 2,246 | 2.247 | 2.246 | 2.247 | 2.246 | 2.244
Temperature (°F) 70 70 70 70 70 70 70 70
t/D; Ratio (actual) 0.081 | 0.079 | 0.079 { 0.079 | 0.079 | 0.081 | 0.079 | 0.079

Pressurization Rate (psi/min) | 310 293 429 272 326 429 326 272

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
50 0.012 | 0.021 | 0.008 } 0.033 | 0.030 | 0.033 | 0.621 | 0.008
100 0.047 0.047
150
200
Displacement at Failure (in.) | 0.028 | 0.038 0.044 | 0.049 ] 0.049 | 0.040 | 0.028
Pressure at Failure (psi) 90 85 60 79 mn i 85 60

Note: Grease seal was thin.
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Table C-6. Hydrostatic Test Data for Nominal 1.50-Inch (D;) -2.25-Inch (D)
Flat Acrylic Windows, Test Specimens 26 -30

(Sealed with grease; radial clearance 0.002 to 0.005 inch; nominal Dy /D; ratio 1.5)

Specimen Number . Value
Paramc ter
26 27 28 29 30 Max Avg Min
Thickness (in.) 0.122 | 0.121 | 0.123 | 0.124 | 0.126 | 0.126 | 0.123 | 0.121
Dy, (actual, in.) 2,246 | 2,246 | 2.245 | 2.247 | 2.246 | 2.247 | 2.246 | 2.245
Temperature (°F) 66 67 67 67 48 68 67 66
f/Di ratio (actual) 0.081 | 0.081 | 0.082 | 0:083 { 0.084 | 0.084 | 0.082 | 0.081
Pressurization Rate (psi/min) | 162 188 210 173 210 183 162
Pressure {psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
50 0.003 | 0.035 | 0.035 | 0.012 | 0.023 | 0.035 | 0.C21 | 0.003
100 0.045 0.045
Displacement ot Failure (in.) | 0.045 | 0.043 | 0.039 | 0.037 | 0.050 | 0.050 | 0.043 | 0.037
Pressure at Failure (psi) 74 62 61 83 129 129 94 61

Note: Grease liberally applied.
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Table C-7. .lydrostatic Test Data for Nominal 1.50-Inch (D;) -2.25~Inch (Dy)
Flat Acrylic Windows, Test Specimens 31-35

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal Dy /D; ratio 1.5)

Specimen Number Value
Parameter

31 32 33 34 35 Max Avg Min
Thickness (in.) 0.236 | 0.234 | 0.238 | 0.231 | 0.229 | 0.238 | 0.234 | 0.229
D, (actual, in.) 2.238 | 2.238 | 2.236 | 2.237 | 2.236 | 2.238 | 2.237 | 2.236
Temperature (°F) 68 69 70 65 66 70 68 65
t/D; Ratio (actual) 0.157 | 0.156 | 0.158 | 0.154 | 0.153 | 0.158 | 0.156 | 0.153
Pressurization Rate (psi/min) | 682 712 675 685 648 712 680 648

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressura Face {in.)

200 0.003 | 0.001 | 0.001 { 0.002 | 0.001 0.003 | 0.002 ! 0.001
400 0.010 | 0.012 | 0.001 | 0.007 | 0.001 | 0.012 | 0.006 | 0.001
600 0.015 | 0.017 | 0.015 | 0.015 | 0.002 | 0.017 | 0.013 | 0.002
800 0.023 | 0.024 | 0.015 | 0.022 { 0.010 | 0.024 | 0.019 | 0.010

1,000 0.031 0.029 | 0.026 | 0.030 { 0.060 | 0.060 | 0.035 | 0.026

1,200 0.075 | 0.037 0.040 0.075 { 0.051 | 0.037

1,400 0.098

1,600

Pressure ot Failure (psi) 1,430 | 1,210 | 1,140 | 1,320 | 1,100 | 1,430 | 1,240 | 1,100

Note: Erratic deflection.




Table C-8. ‘iydrostatic Test Data for Nominal 1.50-Inch (D;) ~2.25-Inch (D)
Flat Acrylic Windows, Test Specimens 36 -40

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal D /D; ratio 1.5)

Specimen Number Value
Parameter
118 119 120 121 122 Max Avg Min
Thickness (in.) 0.235 | 0.237 | 0.240 | 0.237 | 0.234 | 0.240 | 0.237 | 0.234
D, (actual, in.) 2.23% | 2.237 | 2.240 | 2.237 | 2.240 | 2.240 | 2.239 | 2.237
Temperature (°F) 70 68 69 68 69 70 69 68
t/D; Ratio (actual) 0.157 | 0.158 | 0.160 | 0.158 | 0.156 | 0.160 | 0.158 | 0.156

Pressurization Rate (psi/min) | 590 497 524 627 560 627 560 497

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
100 0.002 | 0.005 | 0.001 { 0.002 | 0.004 | 0.005 | 0.003 | 0.00%
200 0.006 | 0.007 | 0.002 [ 0.002 | 0.006 | 0.007 | 0.005 | 0.002
300 0.007 | 0.010 { 0.002 | 0.002 | C.008 { 0.010 | 0.006 { 0.002
400 0.009 | 0.014 | 0.003 | 0.003 | 0.011 | 0.014 | 0.011 | 0.003
500 0.013 | 0.017 | 0.003 | 0.004 | 0.015 | 0.017 | 0.010 | 0.003
600 0.016 0.009 | 0.009 | 0.018 | G..:8 | 0.014 | 0.009
700 0.019 0.012 | 0.012 v.019 | 0.014 { 0.012
800 0.024
900

1,000

Displacement at Failure (in.) | 0.046 | 0.045 | 0.048 | 0.053 | ¢ )4 | 0.064 | 0.051 | 0.045

Pressure at Failure (psi) 840 642 733 702 695 840 723 642

Notes:

1. Thin grease seal coating.
2. Amount of cement used on deflection pin may have significant effect on thin windows.
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Table C~9. Hydrostatic Test Data for Nominal 1.50~Inch (D;) -2.25-Inch (Do)
Flat Acrylic Windows, Test Specimens 41 -45

(Sealed with grease; radial clearance 0.000 to 0.005 inch; nominal D, /D; ratio 1.5)

Specimen Number Value
Parameter
4 42 43 44 45 Max Avg Min
Thickness (in.) 0.243 | 0.246 | 0.249 | 0.248 | 0.249 | 0.249 | 0.247 | 0.243
D, (octual, in.) 2,249 | 2.246 | 2.247 | 2.249 | 2.248 | 2.249 | 2.248 | 2.246
Temperoture (°F) 66 68 68 67 66 68 67 66
t/D; Ratio (actual) 0.162 | 0.164 | 0.166 | 0.165 | 0.166 | 0.166 | 0.165 | 0.162
Pressurization Rate (psi/min) | 560 482 673 648 633 673 599 482
Pressure (psi) Axial Displecement of Center Point on Window's Low-Pressure Face (in.)
100 0.001 | 0.000 | 0.00! { $.G0F | 0.001 | 0.001 | 0.001 | 0.000
200 0.001 | 0.001 } 0.001 | 0.00% | 0.001 | 0.001 | 0.001 | 0.001
300 0.001 | 0.012 | 0.009 | 0.001 | 0.001 | 0.012 { 0.005 | 0.001
400 0.002 | 0.017 | 0.010 | 0.00Z | 0.002 | 0.017 | 0.007 | 0.002
500 0.002 | 0.021 | 0.016 | 0.002 | 0.002 | 0.021 | 0.009 | 0.002
600 0.002 | 0.024 | 0.018 { 0.011 | 0.003 | 0.024 | 0.012 | 0.002
700 0.003 | 0.028 | 0.023 | 0.012 | '0.003 | 0.028 | 0.013 | 0.003
800 0.020 | 0.051 | 0.024 | 0.019 | 0.011 | 0.051 | 0.025 | 0.011
900 0.021 | 0.055 | 0.034 | 0.029 | 0.014 | 0.055 | 0.031 | 0.014
1,000 0.026 | 0.059 | 0.051 | 0.030 | 0.040 | 0.05% | 0.041 | 0.026
1,100 0.064 | 0.057 | 0.046 | 0.040 | 0.064 | 0.052 | 0.040
1,200 0.067 | 0.064 | 0.046 | 0.047 | 0.067 | 0.056 | 0.046
1,300 obort | 0.075 | 0.064 | 0.054 | 0.047 | 0.075 | 0.060 | 0.047
1,400 0.083 | 0.072 | 0.055 | 0.052 | 0.083 | 0.066 | 0.052
1,500 0.088 | 0.072 | 0.063 | 0.058 | 0.088 | 0.070 | 0.058
1,600 0.092 | 0.079 | 0.063 | 0.062 | 0.092 | 0.074 | 0.062
1,700 0.096 | 0.08 | 0.071 | 0.070 | 0.096 | 0.081 | 0.070
1,800 0.102 | 0.08 | 0.071 | 0.073 | 0.102 | 0.083 | 0.071
1,90 0.124 | 0.093 | 0.078 | 0.078 | 0.124 | 0.093 | 0.078
2,000 0.139 | 0.099 | 0.085 | 0.081 | 0.139 { 0.101 | 0.081
2,100 0.100 | 0.085 | 0.088 0.091
2,200 0.093
Displacement ot Failure (in,) 0.142 | 0.100 | 0.085 | 0.093 | 0.142 | 0.105 | 0.085
Pressure at Failure (psi) 2,000 | 2,100 | 2,100 | 2,200 | 2,200 | 2,100 | 2,000

Notes:

1. Abort coused by use of 1,000-psi gage.
2. Grease liberally applied.

3. Audible cracking at about 900 psi and 1,600 psi.
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Table C-10. Hydrostatic Test Data for Nominal 1.50-Inch (D;) -2.25-Inch (D)
Flat Acrylic Windows, Test Specimens 46 - 50

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal D, /D; ratio 1.5)

Specimen Number Value
Parameter
46 47 48 49 50 Max Avg Min
Thickness (in.) 0.338 | 0.342 | 0.344 | 0.341 | 0.344 | 0.344 | 0.342 | 0.338
Do (actual, in.) 2,240 | 2.242 | 2.238 | 2.241 | 2.241 | 2.242 | 2,240 | 2.238
Temperature (°F) 67 67 69 65 65 69 67 65
t/D; Ratio (actual) 0.225 | 0.228 | 0.229 | 0.227 | 0.229 | 0.229 | 0.228 | 0.225

Pressurization Rate (psi/min) | 660 668 660 665 685 685 668 660

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
500 0.003 | 0.002 | 0.001 | 0.001 { 0.008 | 0.008 | 0.003 | 0.001
1,000 0.011 | 0.003 | 0.011 | 0.002 { 0.015 | 0.015 | 0.009 | 0.003
1,500 0.037 | 0.007 | 0.016 | 0.022 | 0.023 | 0.037 | 0.021 | 0.007
2,000 0.052 | 0.036 | 0.036 | 0.030 | 0.031 | 0.052 | 0.037 | 0.030
2,500 0.067 } 0.052 | 0.067 | 0.059 | 0.056 | 0.067 | 0.060 | 0.052
3,000 0.085 | 0.063 | 0.085 | 0.072 | 0.087 | 0.087 | 0.078 | 0.063
3,500 0.106 | 0.077 | 0.103 | 0.08% { 0.105 | 0.106 | 0.096 | 0.077
4,000 0.134 | 0.095 | 0.123 0.121 | 0.134 | 0.103 | 0.095
4,500 0.148
5,000
Displacement at Failure (in.) 0.119 | 0.148 | 0.106 | 0.161 | 0.161 | 0.134 | 0.106

Pressure at Failure {psi) 4,10C | 4,400 | 4,225 | 3,950 | 4,700 | 4,700 | 4,275 | 3,950

Note: Grease liberally opplied.




Table C-11. Hydrostatic Test Data for Nominal 1.50-Inch (D;) -~2.25-Inch (Do)

Flat Acrylic Windows, Test Specimens 51 -55

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal Dy /D; ratio 1.5)

Specimen Number Velue
Parameter

51 52 53 54 55 Max Avg Min
Thickness (in.) 0.496 | 0.497 | 0.496 ) 0.499 | 0.497 | 0.499 | 0.497 | 0.49%4
Dy (actual, in.) 2.237 | 2.240 | 2.237 | 2.237 | 2.238 | 2.240 | 2.238 | 2.237
Temperature (°F) 69 66 68 68 68 69 68 66
f/Di Ratio (octual) 0.330 | 0.331 0.330 | 0.333 | 0.331 0.333 | 0.331 0.330
Pressurization Rate (psi/min) | 680 695 689 662 670 695 679 662

Pressure (psi)

Axial Displacement of Center Point

on Window's Low-Pressure Face (in.)

1,000 0.003 | 0.001 |} 0.001 { 0.001 | 0.003 | 0.003 | 0.062 | 0.001
2,000 0.014 | 0.007 | 0.012 | 0.002 | 0.010 | 0.014 | 0.009 | 0.002
3,000 0.022 | 0.016 | 0.018 | 0.012 | 0.018 | 0.022 | 0.017 | 0.012
4,000 0.029 | 0.023 | 0.028 | 0.021 ] 0.027 | 0.029 | 0.026 | 0.02}
5,000 0.040 | 0.036 | 0.036 | 0.031 | 0.036 | 0.040 | 0.036 | 0.031
6,000 0.077 | 0.033 | 0.065 | 0.040 | 0.062 | 0.077 | 0.059 | 0.040
7,000 1y 0.088 | 0.085 | 0.052 | 0.088 | 0.088 | 0.079 | 0.052
8,000 0.120 | 0.11¢ 1y 0.120 | 0.120 | 0.119
9,000
10,000
Displacement ot Failure (in.) 0.152 | 0.146 | 0.122 0.152 { 0.130 | 0.122
Pressure at Failure (psi) 7,300 | 8,550 | 8,450 | 7,450 | 7,300 | 8,550 | 7,810 | 7,300

1/ Deflection wire became disengoged.

Notes:

}. Grease liberally applied.

2. 500-psi prelood.

3. Audible cracking ot about 7,000 psi.
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Table C-12. Hydrostatic Test Data for Nominal 1.50-Inch (D;) -2.25-Inch (D)
Flat Acrylic Windows, Test Specimens 56 -60

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal D, /D; ratio 1.5)

Specimen Number Velue
Parometer —
56 57 58 59 60 Maox Avg Min
Thickaess (in.) 0.607 | 0.604 | 0.622 | 0.620 | 0.690 | 0.622 | 0.611 | 0.600
D, (octual, in.) 2,240 | 2.239 | 2.240 | 2.239 | 2.237 | 2.240 | 2.239 | 2.237
T»mperature (°F) 68 67 68 68 64 é8 67 64
t/D; Ratic (actual) 0.405 | 0.402 | 0.414 | 0.413 | 0.400 | 0.414 | 0.407 | 0.400

Pressurizotion Rate {psi/min) | 670 665 665 668 663 670 666 663

=

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
1,000 0.002 | 0.009 | 0.011 | 0.004 | 0.001 | 0.0i1 | 0.605 | 0.001
2,000 0.003 | 0.015 | 0.019 | 0.012 | 0.009 | 0.019 | 0.012 | 0.003
3,000 0.008 | 0.021 | 0.024 | 0.019 | 0.012 | 0.024 | 0.019 | 0.008
4,000 0.015 | 0.028 | 0.030 | 0.025 | 0.023 | 0.030 | 0.024 | 0.015
5,000 0.021 | 0.037 | 0.039 | 0.031 | 0.030 | 0.039 | 0.031 | 0.021
6,000 0.027 | 0.043 | 0.043 | 0.038 | 0.036 | 0.043 | 0.039 | 0.027
7,000 0.634 | 0.050 | 0.053 | 0045 | 0.043 | 0.053 | 0.045 | 0.033
8,000 0.046 | 0.057 | 0.059 | 0.053 | 0.055 | 0.058 | 0.054 | 0.046
9,000 0.059 | 0.055 | 0.068 | 0.061 | 0.070 | 0.070 | 0.055 | 0.059
10,000 0992 | 0073 | 0.103 | 0.104 | 0.083 | 0.104 | 0.091 | 0.083
11,000 0.117 | 0.084 | 0.146 | 0.145 | 0.114 | 0.146 | 0.121 | 0.114
12,000 0.163 1y 0.199 | 0.186 | 0.174 | 0.199 | 0.144 | 0.163
13,000 0.228 i Y 0.318 Y 0.318 | 0.273 | 0.228
14,000
15,005

Displocement ct Foilure{in.) | 0.392

Pressure ct Foilure (psi) 13,30¢| 13,800 13,075 § 13,150 | 13,000 | 13,800 | 13,265 | 13,000

17 Deflection wire became disengoged.

Notes:

I. Greose liberally opplied.
2. 500-psi prelocd.
3. Cracking ot sbout 9,000 psi ong 13,000 psi.




Table C-13. Hydrostatic Test Data for Nomina! 1.50-Inch (D;) -2.25-Inck (Do)
Flat Acrylic Windows, Test Specimens 61 -65

(Sealed with grease; radial clearance €.005 to 0.010 inch; nominal D, /D; ratio 1.5)

Specimen Number Vaive
Parameter

61 62 63 64 65 Max Avg Min
Thickness (in.) 0.733 | 0.733 | 0.734 | 0.735 0.735 0.735 0.734 0.733
D, {actual, in.) 2,239 | 2,239 | 2.241 | 2.241 | 2.240 | 2.241 | 2.240 |2.23¢9

Tem -erature (°F) 67 69 71 66 68 71 68 66
t/Di Ratio {actual) 0.488 | 0.488 | 0.489 ! 0.490 | 0.490 | 0.490 | 0.489 |0.488
Pressurization Rote (psi/min) 670 670 682 669 637 682 656 637

Pressure (psi) Axial Displacement of Center Point on Window's Low-~Pressure Face (in.)
1,000 0.001 0.000 | 0.002 { 0.001 0.002 0.002 | 0.001] 0.000
2,000 0.001 0.000 | 0.0n 0.002 | 0.003 | 0.011 0.005 0.000
2,000 0.013 | 0.012 | 0.018 | 0.016 | 0.003 | 0.018 | 0.012 |0.003
4,000 0.021 0.012 | 0.023 0.017 | 0.004 0.023 0.015 0.004
5,000 0.022 { 0.018 | 0.629 | 0.026 | 0.017 | 0.029 | 0.022 l0.017
6,000 0.029 | 0.025 | 0.034 | 0.026 | 0.017 | 0.034 | 0.026 ]0.017
7,- 0.029 | 0.033 | 0.035 | 0.027 { 0.018 | 0.035 | 0.028 |0.018
8,000 0.036 | 0.033 | 0.040 | 0.039 | 0.035 0.040 | 0.036 ]0.033
9,000 0.043 | 0.038 | 0.048 | 0.039 | 0.035 | 0.048 | 0.041 [0.035
10,000 0.046 | 0.045 | 0.053 | 0.052 | 0.036 | 0.053 | 0.046 0.036
11,000 0.052 | 0.052 | 0.061 | 0.053 | 0.047 | 0.061 | 0.053 |0.047
12,000 0.059 | 0.059 | 0.068 | 0,065 | 0.048 | 0.068 | 0.060 {0.048
13,000 0.071 0.064 | 0.075 | 0.065 0.063 0.075 0.068 10.063
14,000 0.078 | 0.090 | 0.095 | 0.072 | 0.076 | 0.095 0.082 10.076
15,000 0.097 | 0.099 | 0.106 | 0.084 0.095 G.106 | 0.096¢ |v.084
16,000 0.112 | 0.121 0.129 | 0.107 | 0.109 | 0.129 | 0.116 |0.107
17,000 0.143 | 0.145 | 0.125 0.131 0.145 0.135 0.125
18,000 0.174 1 0.185 | 0.143 0.164 | 0.185 0.161 0.143
19,000 0.236 0.177 0.236 | 0.202 |0.177
Displacement at Foilure (in.) 0.252 | 0.255 | 0.256 0.256 | 0.253 |0.252
Pressure ct Failure {psi) 19,200 | 18,600 | 19,650 19,650 | 19,1001/] 18,600

1/ Averaged with preliminory tests.

Notes:

1. Abort due to pump failure et 16,600 psi.
2. Audible crocking at about 14,000 psi.
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Table C-14. Hydrostatic Test Data for Nominal 1.50-Inch () - 2.25~Inch (D)
Flat Acrylic Windows, Test Specimens 66 -70

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal D; /D, ratio 1.5)

Specimen Number Valye
Parometer

66 67 68 69 70 Max Avg Min
Thickness (in.) 0.833 | 0.838 | 0.840 | 0.845 | 0.857' | 0.845 | 0.839 | 0.833
D, (actual, in.) 2,238 | 2.238 | 2.239 | 2.239 | 2.238 | 2.239 | 2.238 | 2.238

Temperature (°F) 68 67 68 70 66 70 68 67
t/D; Ratio (octual) 0.555 | 0.558 | 0.560 | 0.563 | 0.572 {0.572 | 0.559 | 0.555
Pressurization Rote (psi/min) | 695 662 660 663 650 695 670 660

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)

1,000 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001
2,000 0.502 | 0.002 | 0.002 | 0.002 | 0.001 | 0.002 | 0.002 | 0.001
3,000 0.002 | 0.002 | 0.003 | 0.002 | 0.002 | 0.003 | 0.002 } 0.002
4,000 0.006 | 0.005 | 0.004 | 0.003 | 0.003 | 0.006 | 0.004 } 0.003
5,000 0.012 | 0.011 | 0.005 | 0.003 } 0.005 | 0.012 | 0.008 { 0.003
&,000 0.016 | 0.015 | 0.010 | 0.004 | 0.006 | 0.016 | 0.0N 0.004
7,000 0.021 | 0.016 | 0.015 | 0.011 | 0.009 | 0.021 0.016 | 0.011
8,000 0.025 | 0.021 0.021 | 0.015 | 0.010 | 0.025 | 0.020 | 0.015
9,000 0.030 | 0.025 | 0.027 | 0.020 | 0.019 | 0.030 | 0.026 | 0.020
10,000 0.034 | 0.031 | 0.031 | 0.026 | 0.020 | 0.034 | 0.031 | 0.026
11,000 0.039 | 0.035 | 0.036 | 0.031 | 0.020 | 0.039 | 0.035 { 0.031
12,000 0.044 | 0.041 | 0.041 | 0.035 | 0.035 | 0.044 | 0.040 | 0.035
13,000 0.050 | 0.045 | 0.047 | 0.040 | 0.036 | 0.050 | 0.045 | 0.040
14,000 0.056 | 0.054 | 0.052 | 0.047 | 0.037 | 0.056 | 0.052 | 0.047
15,000 0.063 | 0.059 | 0.059 | 0.053 | 0.039 | 0.063 | 0.059 | 0.053
16,600 0.070 | 0.069 | 0.066 | 0.064 | 0.040 | 0.070 | 0.067 | 0.064
17,000 0.078 | 0.076 | 0.077 | 0.072 | 0.041 | 0.078 | 0.076 | 0.072
18,000 0.091 | 0.087 | 0.087 | 0.083 | 0.042 | 0.091 | 0.087 | 0.083
19,000 0.103 | 0.097 | 0.099 | 0.096 | 0.064 | 0.103 | 0.099 | 0.096
20,000 0.119 | 0.110 | 0.118 | 0.111 | 0.080 {0.119 | 0.115 | 0.110
21,000 0.144 | 0.132 | 0.139 | 0.137 1y 0.144 | 0.138 | 0.132
22,000 0.180 | 0.163 | 0.170 | 0.183 0.183 | 0.174 | 0.163
23,000 0.282 | 0.232 | 0.230 0.282 | 0.248 | 0.230
Displocement at Failure (in.) 0.325 | 0.330 0.330 | 0.328 | 0.325
Pressure at Failure (psi) 23,100 | 23,400 | 23,350 22,800 23,400 | 23,160 | 22,800

1/ Abort due to Ie\ok at 20,100 psi, not averaged.
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Table C-15. Hydrostatic Test Data for Nominal 1.50-Inch (D;) ~2.25-Inch (D,)
Flat Acrylic Windows, Test Specimens 71-75

(Scaled with grease; radiol clearance 0.002 to 0.005 inch; nominal DO/D; ratio 1,5)

Specimen Number Valye
Parameter

71 72 73 74 75 Mox Avg Min
Thickness (in.) 0.982 0.982 0.982 0.985 0.984 0.985 0.983 0.982
D, {octual, in.) 2.243 2,242 2.243 2.243 2.243 2,243 2.243 2.242

Temperature °F) 68 69 69 70 67 70 69 67
t/D; Ratio (actuol) 0.655 0.655 0.655 0.656 0.656 0.656 0.655 0.655
Pressurization Rate (pz/a'in) 660 670 663 677 665 677 670 660

Pressure (psi) Axial Displacement of Center Point on Window's Low=Pressure Face (in.)

1,000 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.000
2,000 0.006 0.001 0.002 0.001 0.002 C.006 0.002 0.001
3,000 0.010 0.002 0.004 0.001 0.002 0.010 0.004 0.001
4,000 0.015 0.002 0.015 0.001 0.004 0.015 0.007 0.001
5,000 0.019 0.003 0.015 0.002 0.009 0.019 0.010 0.002
6,000 0.023 0.008 0.025 0.003 0.015 0.025 0.015 0.003
7,000 0.027 0.015 0.025 0.010 0.015 0.027 0.018 0.010
8,000 0.031 0.015 0.025 0.012 0.016 0.031 0.020 0.012
9,000 0.035 0.016 0.034 0.016 0.026 0.035 0.025 0.016
10,000 0.038 0.021 0.034 0.021 0.027 0.038 0.028 0.921
11,000 0.042 0.026 0.034 0.026 0.027 0.042 0.031 0.026
12,000 0.046 0.033 0.045 0.030 0.040 0.046 0.039 0.030
13,000 0.050 0.034 0.045 0.035 0.041 0.050 0.041 0.034
14,000 0.055 0.041 0.046 0.039 0.041 0.055 0.044 0.039

15,000 0.060 0.045 0.058 0.044 0.041 0.060 0.050 0.041
16,000 0.066 0.051 0.058 0.049 0.054 0.066 0.056 0.049
17,000 0.071 0.060 0.069 0.054 0.055 0.071 0.062 0.054
18,000 0.075 0.066 0.070 0.060 0.070 0.075 0.068 0.060
19,000 0.083 0.073 0,082 0.067 0.071 0.083 0.075 0.067

20,000 0.088 0,080 0.082 0.076 0.071 0.088 0.079 0.071
21,000 0.095 0.089 0.094 0.084 0.087 0.095 0.090 0.084
22,000 0.103 0.113 0.102 0.093 0.088 0.113 0.100 0.088
23,000 0.112 J.118 0.112 0.104 0.103 0.118 0.110 0.103
24,000 0.132 0.125 0.116 0.114 0.104 0.132 0.118 0.104
25,000 0.138 0.173 0.128 0.129 0.118 0.138 0.129 0.118
26,000 0.150~ 0.237 0.148 0.148 0.132 0.150 0.145 0.132
27,000 27 v 0.180 '0.173 0.148 0.180 0.160 0.148
28,000 0.210 0.230 0.160 0,230 0.200 0.160

29,000 0.194

Pressure at [ ilure (psi) 26,800 28,800 28,600 29,800 29,800 28,500 26,800

1/ Time stopped to fix leok at 22,000 psi.

27 Abort due to pump foilure ot 26,350 psi.
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Toble C-16. Hydrostatic Test Data for Nominal 1.50-Inch (D;) -4.00-Inch (Do)
Flat Acrylic Windows, Test Specimens 76 - 80

(Sealed with grease; radial ¢learance 0.020 to 0.030 inch; nominal Do/Di ratio 2.67)

Specimen Number Value
Parameter
76 77 78 79 80 Max Avg Min
Thickness (in.) 0.729 0.731 0.729 | 0.738 | 0.730 { 0.738 | 0.731 0.729
Dy (actual, in.) 3.951 3.950 | 3.950 | 3.960 | 3.945 3.960 | 3.952 | 3.945
Temperature (°F) 64.5 64.0 65.5 65.0 64.0 65.5 64.6 64.0
t/Di Ratio (actual) 0.486 | 0.487 | 0.486 | 0.492 | 0.487 | 0.492 | 0.487 | 0.486
Pressurization Rate (psi/min) | 674 602 667 606 652 674 640 602
Pressure (psi) Axial Displacement of Center Point on Window's Low~Pressure Face (in.)
1,000 0.009 | 0.003 | 0.008 | 0.008 | 0.008 | 0.009 { 0.007 | 0.003
2,000 0.023 | 0.008 | 0.015 | 0.024 | 0.015 | 0.024 | 0.017 | 0.008
3,000 0.030 | 0.013 { 0.018 | 0.029 | 0.023 0.030 | 0.023 | 0.013
4,000 | 0.036 | 0.018 | 0.025 | 0.036 | 0.031 0.036 | 0.029 | 0.018
5,000 0.042 | 0.023 | 0.031 | 0.042 | 0.035 | 0.042 | 0.035 | 0.023
6,000 0.047 | 0.032 | 0.037 | 0.047 | 0.042 | 0.047 | 0.041 | 0.032
7,000 0.052 | 0.037 | 0.042 | 0.053 | 0.047 | 0.053 | 0.046 | 0.037
8,000 0.058 | 0.040 | 0.048 | 0.057 | 0.060 { 0.060 | 0.053 | 0.040
9,000 0.063 | 0.046 | 0.051 | 0.075 | 0.065 | 0.075 | 0.060 | 0.046
10,000 0.068 | 0.052 | 0.058 | 0.078 | 0.071 | 0.078 | 0.065 | 0.052
11,000 0.073 | 0.057 | 0.062 | 0.083 0.078 | 0.083 | 0.071 0.057
12,000 0.080 | 0.062 | 0.070 | 0.088 | 0.084 | 0.088 | 0.077 | 0.062
13,000 0.101 | 0.048 0.096 | 0.090 | 0.101 | 0.089 | 0.048
14,000 0.107 | 0.074 0.113 | 0.098 | 0.113 | 0.098 | 0.074
15,000 0.115 | 0.094 0.118 | 0.106 | 0.118 | 0.108 | 0.094
16,000 0.125 { 0.102 0.128 | 0.114 | 0.128 | 0.117 | 0.102
17,000 0.136 | 0.112 0.142 0.142 | 0.130 | 0.112
18,000 0.154 | 0.133 0.154 | 0.143 | 0.133
19,000 0.175
20,000
Pressure at Failure (psi) 19,500 | 18,950 | 19,100 | 18,800 | 19,600 { 19,600 | 19,190 | 18,800
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Table C-17. Hydrostatic Test Data for Nominal 1.50~Inch (D;) -4.00-Inch (D)
Flat Acrylic Windows, Test Specimens 81 -85

(Sealed with O-ring; radial clearance 0.0005 to 0.001 inch; nominal D, /D; ratio 2.67)

Specimen Number Value
Parameter
81 82 83 84 85 Max Avg Min
Thickness (in.) 0.740 .0.733 0.739 | 0.747 | 0.738 | 0.747 | 0.739 | 0.733
Dy, (actual, in.) 3.999 | 3.999 | 3.999 | 3.998 | 3.998 | 3.999 | 3.998 | 3.998
Temperature (°F) 65.0 64.0 64.0 63.5 63.0 65.0 63.9 63.0
I’/D; Ratio (actual) 0.493 | 0,488 | 0.492 | 0.498 | 0.492 | 0,498 | 0.492 | 0.488
Pressurization Rate (psi/min) | 651 620 673 666 658 673 654 620
Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)

1,000 0.020 | 0.009 | 0.014 | 0.026 | 0.001 | 0.026 | 0.014 | 0.001
2,000 0.040 | 0.019 | 0.020 | 0.041 | 0.005 | 0.041 0.025 | 0.005
3,000 0.055 | 0.027 | 0.0624 | 0.050 | 0.01% | 0.055 | 0.033 | 0.011
4,000 0.064 | 0.036 | 0.026 | 0.056 | 0.019 [ 0.064 | 0.040 | 0.019
5,000 0.069 | 0.039 | 0.028 | 0.061 | 0.026 | C.069 | 0.045 | 0.026
6,000 0.075 | 0.046 | 0.030 | 0.066 | 0.032 | 0.075 | 0.050 | 0.030
7,000 0.080 | 0.050 | 0.032 | 0,072 | 0.037 | 0.080 | 0.054 | 0.032
8,000 0.085 | 0.055 | 0.035 | 0.078 | 0.043 | 0.085 | 0.059 | 0.035
9,000 0.091 | 0.067 | 0.038 | 0.082 | 0.049 | 0.091 | 0.065 | 0.038
10,000 0.097 | 0.075 | 0.040 | 0.089 | 0.055 | 0.047 | 0.071 | 0.040
11,000 0.102 | 0.080 | 0.043 | 0.117 | 0.060 | 0.117 | 0.080 | 0.043
12,000 0.085 | 0.065 | 0.118 | 0.067 | 0.118 | 0.084 | 0.065
13,000 0.091 | 0.069 | 0.120 | 0.073 | 0.120 | 0.088 | 0.069
14,000 0.099 | 0.076 | 0.128 | 0.079 | 0.128 | 0.095 | 0.076
15,000 0.102 { 0.082 | 0.136 | 0.086 | 0.136 | 0.101 | 0.082
16,000 0.118 | 0.092 I 0.145 | 0.095 | 0.145 | 0.112 | 0.092
17,000 0.130 | 0.108 | 0.154 | 0.106 | 0.154 | 0.124 | 0.106
18,000 0.157 | 0.121 | 0.167 | 0.119 | 0.167 | 0.141 0.119
19,000 0.180 0.135 | 0.180 | 0.157 | 0.135

20,000 0.173

21,000 0.247

Pressure at Failure (psi) 19,150 | 19,300 | 18,300 | 18,400 | 21,200 | 21,200 | 19,270 | 18,300
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Table C-18. Hydrostatic Test Data for Nominal 3.33-Inch (Dj) -5.00-Inch (D)
Flat Acrylic Windows, Test Specimens 86 -90

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal D,/D; ratio 1.5)

Specimen Number Value
Parameter
86 87 88 89 90 Max Avg Min
Thickness (in.) 0.123 | 0.123 | 0.119 | 0.121 | 0.119 | 0.123 | 0.121 | 0.119
D, (actual, in.) 4,988 | 4.988 | 4.989 | 4.989 | 4.990 | 4.990 | 4.989 | 4.988
Temperature (°F) 66 66 66 67 67 67 66 66
T/Di Ratio (actual) 0.037 | 0.037 | 0.036 | 0.036 | 0.036 | 0.037 | 0.036 | 0.036

Pressurization Rate {psi/min) | 150 m 151 175 192 192 156 m

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
50 0.132 | 0.140 | 0.150 | 0.157 | 0.171 | 0.171 | 0.150 | 0.132
100 0.176 | 0.194 | 0.203 | 0.209 | 0.224 | 0.224 | 0.201 | 0.176

Displacement ot Failure (in.) | 0.197 | 0.194 | 0.240 | 0.216 | 0.244 | 0.194 | 0.218 | 0.244

Pressure at Failure (psi) 112 100 145 105 125 145 17 100
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Table C-19. Hydrostatic Test Data for Nominal 3.33-Inch (D;) -5.00~Inch (Do)
Flat Acrylic Windows, Test Specimens 91 -95

(Sealed with grease; radial clearance 0.002 to 0.005 inch; nominal D, /Dj ratio 1.50)

Specimen Number Value
Parameter
21 92 93 94 95 Max Avg Min
Thickness (in.) 0.360 | 0.347 | 0.347 | 0.348 | 0.349 | 0.360 | 0.350 | 0.347
D, (actual, in.) 4,995 | 4.99 | 4.995 | 4.995 | 4.994 | 4.996 | 4.995 | 4.994
Temperature (CF) 70 71 65 66 66 71 68 65
t/D; Ratio (actual) 0.104 | 0.102 | 0.102 | 0.102 | 0.102 | 0.104 | 0.102 | 0.102

Pressurization Rate (psi/min) | 760 690 8401/ | 687 688 760 671 687

Pressure (psi) Axial Displacement of Center Point on Window's Low=-Pressure Face (in.)

100 0.003 | 0.016 | 0.024 | 0.039 | 0.032 | 0.039 { 0.023 | 0.003
200 0.026 | 0.032 | 0.044 | 0.050 | 0.046 | 0.050 | 0.040 | 0.026
300 0.039 | 0.045 0.065 | 0.060 | 0.065 | 0.050 | 0.039
400 0.053 | 0.096 | 0.073 | 0.079 | 0.077 | 0.096 | 0.076 | 0.053
500 0.124 | 0.086 | 0.092 | 0.091 0.124 | 0.095 | 0.086
600 0.101
700 0.115
800 0.1321/

Displacement at Failure (in.) 0.131 | 0.132 } 0.107 | 0.103 | 0.132 | 0.118 | 0.103

Pressure at Failure (psi) 570 545 8001/ | 590 570 590 569 545

1, Not included in averaged values,
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Table C-20. Hydrostatic Test Data for Nominal 3.33-Inch (D;) -5.00-Inch (D,)
Flat Acrylic Windows, Test Specimens 96 - 100

(Sealed with grease; radial clearance 0.00Z ro 0.005 inch; nominal Dy, /D; ratio 1.50)

Specimen Number Value
Parameter
96 97 98 99 100 Max Avg Min
y

Thickness (in.) 0.603 | 0.604 | 0.606 | 0.607 | 0.607 | 0.607 | 0.605 | 0.603
Dy (actual, in.) 4.994 | 4.995 | 4.995 | 4.994 | 4.994 | 4.995 | 4.994 | 4.994
Temperature (°F) 66 68 68 68 69 69 68 66
t/D; Ratio (actual) 0.181 | 0.182 | 0.182 | 0.182 | 0.182 | 0.182 | 0.182 | 0.181

Pressurization Rate (psi/min) | 617 634 668 588 682 682 638 588

Pressure (psi) Axiol Displacement of Center Point cn Window's Low-Pressure Face (in.) 1
200 0.008 | 0.025 | 0.024 | 0.011 0.004 | 0.025 | 0.014 | 0.004
400 0.015 | 0.034 | 0.030 | 0.019 | 0.015 | 0.034 | 0.023 | 0.015
600 0.024 | 0.040 | 0.040 | 0.028 | 0.024 | 0.040 | 0.031 | 0.024
800 0.032 | 0.049 | 0.047 | 0.036 | 0.037 | 0.049 | 0.040 | 0.032

1,000 0.038 | 0.055 | 0.055 | 0.043 | 0.039 | 0.055 | 0.046 | 0.038
1,200 0.044 | 0.066 | 0.063 | 0.054 | 0.052 | 0.066 | 0.056 | 0.044
1,400 0.053 | 0.071 | 0.070 | 0.058 | 0.055 | 0.071 | 0.061 | 0.053
1,600 0.101 | 0.079 | 0.078 | 0.067 | 0.064 | 0.101 | 0.078 | 0.064
1,800 0.112 | 0.087 | 0.087 | 0.076 | 0.074 | 0.112 | 0.088 | 0.074
2,000 0.098 | 0.095 | 0.080 0.098 | 0.091 | 0.080
2,200 0.10% 0.106

Displacement at Failure (in.) | 0.138 | 0.109 | 0.100 | 0.081 | 0.076 | 0.138 | 0.100 | 0.076

Pressure at Failure (psi) 1,910 | 2,300 | 2,100 | 2,025 | 1,960 | 2,300 | 2,060 | 1,910
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Table C-21. Hydrostatic Test Data for Nomino! 3.33-Inch (D;) -5.00-Inch (D,)
Flat Acrylic Windows, Test Specimens 101 ~105

(Sealed with grease; radial clearance 0.002 to 0.005 inch; nominal Do/Di ratio 1.5)

Specimen Number Value
Parameter
101 102 103 104 105 Max Avg Min
Thickness (in.) 0.841 0.836 | 0.847 | 0.831 0.830 | 0.847 | 0.837 | 0.830
D, (actual, in.) 4995 | 4995 | 4.994 | 4995 | 4.994 | 4.995 | 4.995 | 4.994
Temperature (°F) 70 69 65 65 64 70 67 64
f/Di Ratio (actual) 0.252 | 0.251 0.254 | 0.249 | 0.249 { 0.254 | 0.251 0.249

Pressurization Rate (psi/min) | 660 664V | 669 652 620 669 653 620

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
5G0 0.019 | 0.010 | 0.004 | 0.002 | 0.011 | 0.019 | 0.009 | 0.002
1,000 0.030 | 0.018 | 0.019 | 0.012 | 0.022 | 0.030 { 0.020 | 0.012
1,500 0.040 | 0.025 | 0.029 | 0.019 | 0.031 | 0.040 | 0.029 | 0.019
2,000 0.050 | 0.039 | 0.037 | 0.034 | 0.042 | 0.050 { 0.040 | 0.034
2,500 0.046 | 0.045 | 0.042 | 0.053 | 0.053 | 0.047 | 0.042
3,000 0.072 | 0.058 | 0.052 | 0.050 | 0.061 | 0.072 | 0.059 | 0.050
3,500 0.084 | 0.129V 0.130 0.130 | 0.114 | 0.084
4,000 0.102 0.084
4,500 0.117
Displacement at Failure (in.) | 0.124 0.138 | 0.084 | 0.138 | 0.115 | 0.084

Pressure ot Failure {psi) 4,750 | 3,550 | 3,400 | 3,600 | 4,000 | 4,750 | 3,860 | 3,400

_1/ Preloaded pressure unknown, plugged gage line.
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Table C-22. Hydrostatic Test Data for Nominal 3.33-Inch (D;) -5.00-Inch (Do)
Flat Acrylic Windows, Test Specimens 106 -110

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal D, /D; ratio 1.5)

Specimen Number Value
Parameter

106 107 108 109 110 Max Avg Min
Thickness (in.) 1109 | 1131 | 1132 | 131 | 1127 | 1132 | 1,126 | 1,109
D, (actual, in.) 4,986 | 4.983 | 4.984 | 4.983 | 4.986 | 4.986 | 4.984 | 4.983

Temperature (°F) 65 69 68 68 69 69 48 65
t/D; Ratio (actual) 0.333 | 0.339 | 0.340 | 0.339 | 0.338 | 0.340 | 0.338 | 0.333
Pressurization Rate (psi/min) | 710 633 664 655 672 710 669 633

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
500 0.001 | 0.002 | 0.002 { 0.001 | 0.001 | 0.002 ; 0.001 | 0.00!
1,000 0.011 | 0.002 | 0.010 | 0.001 | 0.020° { 0.020 | 0.009 { 0.001
1,500 0.012 | 0.008 | 0.018 | 0.010 | 0.020 | 0.020 | 0.016 | 0.008
2,000 0.021 | 0.013 | 0.027 | 0.019 | 0.020 | 0.027 | 0.020 { 0.013
2,500 0.030 | 0.018 | 0.034 | 0.026 | 0.033 | 0.034 | 0.028 | 0.018
3,000 0.039 | 0.027 | 0.042 | 0.032 | 0.045 | 0.045 | 0.037 | 0.027
3,500 0.048 | 0.033 | 0.047 | 0.036 | .0.045 | 0.048 | 0.042 | 0.033
4,000 0.056 | 0.043 { 0.054 | 0.048 | 0.056 | 0.056 | 0.051 | 0.043
4,500 0.064 | 0.050 | 0.059 | 0.059 | 0.095 | 0.095 | 0.065 | 0.050
5,000 0.074 | 0.066 | 0.067 | 0.068 | 0.097 | 0.097 | 0.075 | 0.060
5,500 0.083 | 0.067 | 0.114 | 0.070 | 0.113 | 0.114 | 0.089 | 0.067
6,000 0.091 | 0.109 | 0.128 | 0.115 | 0.128 | 0.128 | 0.114 | 0.09]
6,500 0.099 | 0.142 | 0.136 | 0.131 | 0.142 | 0.142 | 0.130 | 0.099
7,000 0.130 | 0.176 | 0.255 | 0.292 | 0.155 | 0.292 | 0.201 | 0.130
7,500 0.489 | 0.386 | 0.336 | 0.447 1y 0.489 | 0.415 | 0.336
8,000 0.572 0.456

Displacement at Failure (in.} | 0.782 | 0.610 | 0.456 { 0.536 0.782 | 0.596 | 0.456
Pressure at Failure (psi) 8,300 | 7,825 | 8,025 | 7,650 | 8,450 | 8,450 | 8,050 | 7,650

1/ Deflection wire disengoged suddenly.

Note: Cracking ot about 5,000 psi ond 7,000 psi.
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Table C-23. Hydrostatic Test Data for Nominal 3.33-Inch (D;) -5.00-Inch (D)
Flat Acrylic Windows, Test Specimens 111-115

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal Dy /D; ratic 1.5)

Specimen Number Value
Parameter
m 112 13 114 115 Max Avg Min
Thickness (in.) 1.446 1.432 1.439 1.437 1.449 1.449 1.441 1.432
D, (actual, in.) 4,986 14,988 | 4,986 | .4.985 | 4.987 | 4.988 | 4.987 | 4.985
Temperature (°F) 65 66 65 68 65 68 66 65
t/D; Ratio (actual) 0.435 | 0.429 | 0.432 | 0.431 | 0.436 | 0.436 | 0.433 | 0.429

Pressurization Rate (psi/min) | 673 658 6691/ | 645 662 673 661 645

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
1,000 0.002 | 0.001 0.010 | 0.009 | 0.010 | 0.005 | 0.001
2,000 0.016 ]0.019 | 0.027 | 0.018 | 0.016 | 0.027 | 0.012 | 0.016
3,000 0.029 | 0.030 | 0.037 | 0.033 | 0.026 | 0.037 | 0.031 | 0.026
4,000 0.031 | 0.036 | 0.049 | 0.040 | 0.040 | 0.049 | 0.039 | 0.031
5,000 0.045 | 0.044 | 0.060 | 0.042 | 0.050 | 0.060 | 0.048 | 0.042
6,000 0.059 | 0.061 | 0.070 | 0.055 | 0.059 | 0.070 | 0.059 | 0.055
7,000 0.072 ] 0.069 | 0.081 | 0.070 | 0.080 { 0.081 | 0.074 | 0.069
8,000 0.085 10.08% | 0.094 | 0.090 | 0.095 | 0.095 | 0.091 | 0.085
9,000 0.099 |0.109 | 0.107 | 0.120 | 0.104 | 0.120 | 0.108 | 0.099

10,000 0.122 10.124 | 0.123 | 0.138 | 0.143 | 0.143 | 0.130 | 0.122
11,000 0.168 | 0.156 | 0.175 | 0.170 | 0.184 | 0.184 | 0.171 | 0.156
12,000 0.205 }0.196 | 0.211 | 0.216 | 0.216 | 0.216 | 0.209 | 0.196
13,000 0.230 ] 0.230 | 0.253 | 0.244 | 0.257 | 0.257 | 0.243 | 0.230
14,000 0.285 {0.284 | 0.310 | 0.302 | 0.306 | 0.310 | 0.298 | 0.284
15,000 0.365 | 0.371 | 0.427 | 0.389 | 0.384 | 0.427 | 0.387 | 0.365

Displacement ot Failure (in.) | 0.428 | 0.424 0.4641-/ 0.454 | 0.486 | 0.486 | 0.451 0.424

Pressure at Failure (psi) 15,750 | 15,3001 15,200 | 15,475 | 15,400 | 15,750 | 15,425 | 15,200

1/ Held 2 minutes at 500 psi to fix leak.

Notes:

1. 500-psi preload.
2. Audible cracks ot about 2,000 psi and 11,000 psi.
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Table C-24. Hydrostatic Test Data for Nominal 3.33-Inch (D;) -5.00-Inch (D)
Flat Acrylic Windows, Test Specimens 116 -120

(Secled with grease; redial clearance 0.005 to 0.010 inch; nominal Dy /D; ratic 1.5)

Specimen Number Volue
Parameter
Hé 17 118 ne 120 Max Avg Min
Thickness (in.) 2.000 1991 1.995 1.996 2.008 2.008 1.998 1.991
Do {actual, in.) 4.993 4.987 4.988 4,987 4.9%90 4.993 4,989 4.987
Temperature °F) 65 66 66 66 66 &6 66 65
1/D; Ratio (octual) 0.600 0.598 0.599 0.55% 0.602 0.602 0.600 0.598
Pressurizotion Rote (psi/min) 662 660 665 663 664 665 663 660
Pressure (psi) Axial Displocement of Center Point on Window's Low-Pressure Face (in.)
1,000 0.001 0.001 0.004 0.001 0.001 0.004 0.002 0.001
2,000 0.010 0.002 0.013 0.001 0.011 0.013 0.007 0.001
3,000 0.021 0.010 0.022 0.012 0.018 0.022 0.017 0.010
4,000 0.025 0.018 0.030 0.019 0.026 0.030 0.024 0.018
5,000 0.033 0.026 0.037 0.026 0.033 0.037 0.031 0.026
6,000 0.040 0.033 0.044 0.033 0.041 0.044 0.038 0.033
7,000 0.046 0.040 0.052 0.041 0.048 0.052 0.045 0.040
8,000 0.052 0.050 0.059 0.048 0.056 0.059 0.053 0.048
9,000 0.067 0.057 0.066 0.056 0.064 0.067 0.062 0.056
10,000 0.073 0.066 0.074 0.064 0.072 0.074 0.070 0.064
11,000 0.083 0.075 0.083 0.073 0.080 0.083 0.079 0.073
12,000 0.091 0.083 0.092 0.083 0.0%0 0.092 0.088 0.083
13,000 0.101 0.092 0.101 0.091 0.098 0.101 0.097 0.091
14,000 0.114 0.103 0.111 0.101 0.109 0.114 0.108 0.103
15,000 0.127 0.114 0.122 0.115 0.119 0.127 0119 0.114
16,000 0.137 0.125 0.132 0.128 0.135 0.137 0.131 0.125
17,000 RV 0.137 0.146 0.140 0.148 0.148 0.143 0.137
18,000 0.152 0.160 0.156 0.161 0.161 0.157 0.152
19,000 0.170 0.177 0.171 0.181 0.181 0.175 0.170
20,000 0.197 0.192 0.191 0.198 0.198 0.195 0.191
21,000 0.221 0.223 0.208 0.220 0.223 0.218 0.208
22,000 0.248 0.252 0.251 0.253 0.253 0.251 0.248
23,000 0.288 0.292 0.294 0.301 0.301 0.294 0.288
24,000 0.380
Displacement ot Failure (in.) 0.359 0.395 0.360 0.326 0.395 0.380 0.326
Extrusion Set (in.) 0.010 0.0682/ 0.0762/
Pressure ot Failure {psi) 23,900 24,150 23,650 23,459 24,150 24,050 23,450

1/ Abort ot 16,250 psi due to pump failure.
2/ Extrusion ond bending coused seal to foil, release of pressure,

Note: 1,000-psi preload; smooth deflections.
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Table C-25. Hydrostatic Test Data for Nominal 4.00-Inch (D;) -6.00-Inch (D)
Flat Acrylic Windows, Test Specimens 121-125

(Sealed with grease; rad.al clearance 0.005 to 0.010 inch; nominol Do/Di ratio 1.3)

Specimen Number Value
Parameter
121 122 123 124 125 Moax Avg Min
Thickness (in.) 0.236 | 0.235 | 0.228 | 0.231 | 0.235 | 0.236 | 0.233 | 0.228
D, {actual, in.) 5.987 | 5.989 | 5.988 | 5.985 | 5.987 | 5.989 | 5.987 | 5.985
Temperature (°F) 68 69 69 69 69 69 69 68
t/Di Ratio (actual) 0.059 | 0.059 | 0.057 | 0.058 | 0.05%9 | 0.059 | 0.058 { 0.057

Pressurization Rate (psi/min) 157 400 673 425 3N 673 409 157

Pressure (psi) Axial Displacement of Center Point on Window's Low~Pressure Face (in.)
50 0.084 | 0.129 | 0.108 | 0.111 0.128 | 0.129 | 0.112 0.084
100 0.186 0.155 | 0.160 | 0.186 | 0.167 | 0.155
150 0.174 0.192 { 0.208 | 0.208 | 0.192 0.174
200 0.283 0.240 | 0.283 | 0.261 0.240
250 0.270
300 0.332 0.300 ! 0.332 | 0.316 | 0.300
350 0.390 0.320 | 0.390 | 0.355 | 0.320
Displacement at Failure (in.) | 0.200 | 0.186 | 0.422 0.422 | 0.26%9 | 0.186
Pressure ot Failure (psi) 190 100 350 170 360 360 234 1060
Notes:

1. Pressurization rate hard to hold due to pumping goge log and air in line.
2. Reading difficult to mcke at close intervals.
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Table C-26. Hydrostatic Test Daia for Nominal 4.00~Inch (D;) -6.00-Inch (Do)
Flat Acrylic Windows, Test Specimens 126 -130

(Seoted with grease; radial clearance 0.005 to 0.01C inch; nominal D, /D; ratio 1.5)

Specimen Number Value
Parameter
126 127 128 129 i30 Max Avg Min
Thicknass (in.) 0.451 | 0.484 | 0.460 | 0.463 | 0.460 | 0.484 | 0.464 | 0.451
Dy (actual, in.) 5.988 | 5.984 | 5.987 | 5.990 | 5.987 | 5.990 | 5.988 | 5.984
Temperature (°F) 68 68 63 68 &5 68 67 &5
f/Di Ratio (actual) 0.106 | 0.121 | 0.108 | 0.108 | 0.107 | 0.121 | 0.110 | 0.106

Pressurization Rate (psi/min) | 689 57 638 669 737 737 678 637

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Foce (in.) 1
100 0.022 | 0.017
200 0.015 | 0.010 | 0.028 | 0.028 | 0.027 | 0.028 | 0.022 | 0.010
300 0.029 0.038 | 0.034
400 0.038 | 0.032 | 0.050 | 0.048 | 0.c44 | 0.050 | 0.042 | 0.032
500 0.049 0.058 | 0.060
600 0.050 | 0.053 | 0.075 | 0.070 | 0.073 ]| 0.075 | 0.068 | 0.053
700 0.082 | 0.090
800 0.090 | 0.078 | 0.096 | 0.095 0.096 | 0.090 | 0.078
900 0.108
1,000 0.109 0.13i
1,100 0.151
Displocement at Failure (in.) 0.157 | 0.090

Pressure ot Foilure (psi) QI10 1,030 940 1,170 700 1,170 950 760

Note: 50-psi prelocd.
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Table C-27. Hydrostatic Test Data for Nominal 4.00-Inch (D;) -6.00-Inch (Do)
Flat Acrylic Windows, Test Specimens 131-135

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal D,/Dj ratio 1.5)

Specimen Number Value
Parameter
131 132 133 i34 135 Max Avg Min
Thickness (in.) 0.957 | 0.972 | 0.957 | 0.976 | 0.963 | 8.976 | 0.965 | 0.957
D, (octual, in.) 5,986 | 5.981 | 5.984 | 5.980 | 5.985 | 5.986 | 5.984 | 5.980
Temperature (°F) 64 65 65 65 66 66 65 64
i/Di Ratio (actual) 0.239 | 0.243 | 0.239 | 0.244 | 0.241 | 0.244 | 0.24} | 0.239

Pressurization Rate (psi/min) | 651 725 652 685 698 725 682 651

Pressure (psi) Axial Displacement of Center Point on Window's Low-Pressure Face (in.)
500 0.009 | 0.002 | 0.006 | 0.014 | 0.030 | 0.030 | 0.012 | 0.002
1,000 0.023 | 0.016 | 0.019 | 0.026 | G.044 | 0.044 | 0.026 | 0.016
1,500 0.036 | 0.034 | 0.037 | 0.051 { 0.057 | 0.057 | 0.042 | 0.031
2,000 0.048 | 0.047 | 0.042 | 0.062 | 0.063 | 0.063 | 0.052 | 0.042
2,500 0.060 | 0.058 | 0.057 | 0.076 | 0.078 | 0.078 | 0.066 | 0.057
3,000 0.105 0.070 { 0.091 | 0.092 | 0.105 | 0.090 | 0.070
3,500 0.137 0.106
Displacement at Failure (in.) 0.068 | 0.150 | 0.101 | 0.106 | 0.150 { 0.106 | 0.068

Pressure ot Failure (psi) 3,550 | 2,900 | 3,100 | 3,800 | 3,500 { 3,800 | 3,370 | 2,900

Notes:

1. 50-psi preload.
2. Audible cracking at .~ ut 2,500 psi.




Table C-28. Hydrostatic Test Data for Nominal 4.00-Inch (D;) -6.00-Inch (D,)
Flat Acrylic Windows, Test Specimens 136 - 140

(Sealed with grease; radial clearance 0.005 to 0.010 inch; nominal D, /Dj ratio 1.5)

Specimen Number Valye
Parameter
136/ | 137 | 138 139 140 | Max | Avg | Min
Thickness (in.) 2.1441/| 1.989 | 1.997 |1.984 | 1.986 | 1.997 | 1.989 | 1.984
D, (actual, in.) 5.9851/} 5.984 | 5.981 |5.982 |5.982 | 5.984 | 5.982 | 5.981
Temperature (°F) 66/ 68 67 68 67 68 67 Y4
t/D; Ratio (actual) 0.5361/] 0.498 | 0.500 |0.496 | 0.496 | 0.500 | 0.498 | 0.496
Pressurization Rate (psi/min) 668V 663 674 668 678 678 668 663
Pressure (psi) Axial Displacement of Center Point cn Window's Low=Pressure Face (in.)
1,000 0.009 | 0.009 | 0.002 ]0.001 | 0.002 | 0.009 | 0.005 | 0.001
2,000 0.018 ] 0.018 | 0.015 ]0.012 | 0.017 | 0.018 | 0.016 | 0.012
3,000 0.027 | 0.024 { 0.021 | 0.028 | 0.030 | 0.030 | 0.026 | 0.021
4,000 0.041 | 0.038 | 0.035 | 0.037 | 0.040 | 0.041 | 0.038 | 0.035
5,000 0.046 | 0.046 | 0.044 | 0.045 | 0.051 | 0.051 | 0.046 | 0.044
6,000 0.055 } 0.055 | 0.052 | 0.055 | 0.057 | 0.057 | 0.055 | 0.052
7,000 0.067 | 0.070 | 0.060 | 0.070 | 0.071 | 0.071 | 0.068 | 0.060
8,000 0.083 | 0.080 | 0.073 |0.081 | 0.081 | 0.083 | 0.080 | 0.073
9,000 0.095 | 0.094 | 0.084 | 0.090 | 0.092 | 0.095 | 0.091 | 0.084
10,000 0.107 | 0.110 } 06.095 | 0.103 | 0.106 | 0.110 | 0,104 | 0.075
11,000 0.122 } 0,120 | 0.130 | 0,121 | 0.118 | 0.130 | 0.122 | 0.118
12,000 0.135 | 0.136 | 0.142 | 0.136 | 0.131 | 0,142 | 0.136 | 0.131
13,000 0.155 2y 0.164 2y 0.152 | 0.164 | 0.157 | 0.152
14,000 0.170 0.183 0.173 | 0.183 | 0.175 | 0.170
15,000 { 0.205 0.213 0.191 | 0.213 | 0.203 | 0.191
16,000 2/ 0.238 0.216 { 0.238 | 0.227 | 0.216
17,000 0.280 2/
18,000 0.350
Displacement at Failure (in.) 0.427
Pressure at Failure (psi) 19,550 | 18,350 | 18,700 | 18,100 | 17,800 | 18,700 | 18,240 | 17,800

1/ Not averaged because of thickness variation.
2/ Deflection post popped off suddenly.

Note: Audible cracking at about 13,000 and 15,000 psi.
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WINDOWS FOR EXTERNAL OR INTERNAL HYDROSTATIC
PRESSURE VESSELS—PART 11l. Critical Pressure of Acrylic Spherical
Shell Windows Under Short-Term Pressure Applications
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by

J. D. Stachiw and F. W. Brier

ABSTRACT

Model and full-scale acrylic windows in the form of spherical shell
lenses with parallel convex and concave surfaces have been imploded by
loading their convex surface hydrostatically at a 650-psi/min rate while
their concave surface was exposed to atmospheric pressure. The thickness
of the model windows varied from 0.250 to 1.200 inches and of the full-
scale windows from 0.564 to 4.000 inches, while the included spherical
sector angle of the lens and the bevel angle of its edge varied from 30 to
180 degrees in 30-degree increments. The low-pressure face diameters
of the model windows varied from 1.423 to 5.500 inches, while those of
the full-scale windows varied from 6.200 to 35.868 inches. In addition
to critical pressures, displacements of the lens under hydrostatic pressure
were recorded and plotted as functions of pressure.
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STATEMENT OF THE PROBLEM

Underwater vehicles, ocean bottom habitats, and instrumentation
capsules frequently require optically transparent windows for the observa-
tion of hydrospace in which their mission is performed. Since the windows
must withstand a large pressure differential between the atmospheric interior
of the pressure hull and the hydrospace outside, high stresses are generated
in them. To keep these stresses low, the diameters of the deep-submergence
hydrospace windows are generally small in comparison to their thickness,
thus severely restricting the windows' field of view. To increase the field
of view of deep-submergence windows without further increasing their
thickness, explorctory studies are being conducted on various shapes of
acrylic windows. To date, exploratory investigations on the effects of
short-term hydrostatic loading* have been completed with truncated cone
windows! with spherical sector angles of 30, 60, 90, 120, and 150 degrees,
and with flat disc windows.2 Previous to this study, no acrylic window
shape has been found to possess higher resistance to hydrostatic npressure
than the conical windows of same thickness and diameter.

It was thought that a regular spherical shell sector (hereafter referred
to as spherical window) might be the configuration that would significantly
increase the resistance of acrylic hydrospace windows to external hydrostatic
pressure. This report describes the experimental study of spherical windows

under short-term hydrostatic loading conducted by the Naval Civil Engineering

Laboratory as part of the Ocean Engineering Program sponsored by the Naval
Facilities Engineering Command.

OBJECTIVES

1. To establish experimentally the relationship between a window’s critical
pressure and the ratio of its thickness to the diameter of its low-pressure face.

2. To establish experimentally the relationship between a window’s critical
pressure and the ratio of its thickness to the spherical radius of its concave
surface.

* Pressurization of the window’s convex surface with water at 650-psi/minute rate.




3. To establish experimentally the relationship between a window's critical
pressure and the spherical sector angle for each ratio of thickness 10 concave
surface spherical radius,

4. To establish experimentally the relationship between hydrostatic loading
on the windows and their displacement in the flange as a function of spherical
sector angles (&), t/D;, and t/R; ratios.*

PURPOSE

This experimental study will serve the followir_lg purposes: .

1. The critical pressures established for spherical windows will serve as basis
of comparison for the selection of deep-submergence window shapes, as the
data will complement studies already completed on conical and flat acrylic
windows under short-term hydrostatic loading.

2. The empirical data will serve as a guide for designing spherical windows
subjected to short-term hydrostatic loading.

3. The experimentally determined resistance to implosion of spherical
windows under short-term loading can be used as base reference in future
studies on long-term or cyclic pressure loadings of spherical windows.

SCOPE OF INVESTIGATION

The investigation of spherical acrylic windows under short-term
loading utilized model test specimens with 0.090 < t/R; < 0.436 and
spherical sector angles 30 degrees < o< 180 degrees. The concave surface
spherical radius for all model scale windows was 2.750 inches except in
the few cases in which full-scale windows with 6.200-, 29.000-, 30.500-inch
concave radii were used to check the proposed nondimensional scaling
factors for acrylic windows.

The main experimental investigation of spherical acrylic windows
under short-term loading was limited to determining the critical pressure of
such windows and the axial displacement of the windows through the conical
flange under hydrostatic pressure applied to the windows’ convex surface.
In a few tests diametral contraction of the windows was also measured.

* See foldout for definition of terms,




BACKGROUND DISCUSSION

The investigation of spherical acrylic windows is an extension of
studies performed in previous years at the Naval Civil Engineering Laboratory.
The earlier studies concerned conical or flat windows, and with spherical
acrylic hulls for underwater vehicles.® When the critical pressures of flat or
conical acrylic windows under short-term hydrostatic loading were compared
to the critical pressures of spherical acrylic hulls (Figure 1), also under short-
term loading, it was found that the critical pressure of the spherical shape is
several magnitudes higher. To some extent this was not an accurate compar-
ison as the flat or conical windows rest on rigidly fixed steel flanges, while
the spherical hull is not subjected to this boundary condition. Still, there
were indications that if a portion of the spherical hull was equipped with a
steel end closure the gain in the pressure resistance over a flat or conical
window of the same low-pressure face diameter could be on the order of
100%, or higher. The probability of such a gain in pressure resistance justified
the initiation of an experimental study into the behavior of spherical windows
under hydrostatic loading. The first phase of this study, as with the studies
of conical and flat acrylic windows, deals with the strength of spherical
windows under short-term hydrostatic loading.

EXPERIMENT DESIGN

To meet the objectives of the study, three dimensional parameters
of the model test specimens {Figure 2) were varied while the response of
the window in the form of its displacement and critical pressure were noted.
The three dimensional parameters varied were the thickness of the window,
the spherical sector angle, and the diameter of the window’s low-pressure
face. The only dimensional parameter held constant for the model windows
was the spherical radius of the window’s concave surface. It was postulated
that by providing seven variations in the thickness parameter of the windows,
six variations in the spheric..' sector angle parameter, and six variations in
their low-pressure face diameter parameter, sufficient variations would be
introduced into the critical pressure response of the windows to determine
what combination of dimensional parameter values results in a spherical
window with optimized critical pressure response. Since the configuration
of the steel window flange seat also has considerable influence or the critical
pressure of hydrospace windows, all of the flanges were conceived to give
equal amount of support to the seating surfaces of all the spherical windows
tested (Figure 3).




Figure 1. Pressure-resistant spherical acrylic hull, i5-inch OD and 13-inch ID,
whose critical pressurc {5,000 psi) was used as standard for comparing
the performance of spherical acrylic windows with different gecometries.

In addition to the main experimental study dealing with the short-term
critical pressure of model spherical windows, several subordinate investigations
were also performed. The objective of these investigations was to clerify, or at
least explore, some of the questions which impinge on the evaluation of main
study test results. Thus, for example, one of the questions that had to be
answered beiore the data generated in the main study could be applied to the
design of full-scale hydrospace windows was: what is the influence of stress-
loading rates on strain rates of acrylic plastic? (See Appendix A.) Other
subjects to which the subordinate investigations addressed themselves were
isctropy of mechanical properties in commercial acrylic piate (Appendix B),
influence of temperature on short-term critical pressure of spherical windovss
(Appendix C), the optical properties of spherical windows {Appendix D),
applicability of the test results obtained with model windows to operational
full-scale windows (Appendix E), effect of stress raisers on critical pressure
of spherical windows (Appendix F}, behavior of spherical windows under
constant pressure (Appendix G), and design of spherical windew and flange
systems for operational use {Appendix H). The tabulated data for the short-
term pressurization tests are presented ir Appendix |.
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Window Test Specimens

The model specimens (Figures 2 through £) were fabricated from
4-inch-thick acrylic plates by sawing the plates into small blocks, which
subsequently were turned in a lathe. The material lised was commercial
quality grade "“G"* Plexiglas, the physical properties of which are described
in Appendixes A, B, and H. This off-the-shelf standard acrylic material
was chosen with *he designer in mind, permitting him to specify and
easily procure fairly inexpensive stock for his own experimentation, or
fabrication of operational full-scale windows.

All of the window specimens were machined first to within 0.125 inch
of finished dimensions and then annealed according to time schedule recom-
mended by the supplier (Table 1). During annealing, the windows were
supported in such a manner that no stresses were induced in them by sagging
of material. After annealing, the specimens were machined to required
dimensional tolerances (Figure ©) and all surfaces were finished to a 32-rms
finish; for some selected specimens the high- and low-pressure faces were
subsequently polished to an optical finish.

Table 1. Annealing Specifications for Acrylic Windows

{Annealing temperature, 175°F.)

Window Heating Cooling-Off Periods
Thl(?::?ess -:LT)e Maximum Cooling Time
: Rate (OF /hr) (hr)
1/4 10-1/2 49 1/2
1/2 1 25 3/4
3/4 11 25
18
5
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Figure 4. Convex high-pressure faces of typical model spherical acrylic
windows with internal spherical radii of 2,750 inches.

Figure 5. Concave low-pressure faces of typical model spherical acrylic
windows with internal spherical radii of 2.750 inches.
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\ R; % 0.005 in.

AN

Ro %0.005 in.

15 minutes

t£0.010in.

Spherical Low- Nomina! t/D; Ratio at a Nominal Thickness (in.) of—
Sector Pressure-Face
Angle, | Diameter, Dy | 605 03755 050 0625 075 1.00  1.200
(deg) {in.)
30 1.423 0.176 0.264 0.351 0.439 0.527 0.703 -
60 2.750 0.091 - 0.182 - 0.273 0.364 0.436
90 3.889 0.064 - 0.129 - 0.193 0.257 0.309
120 4.763 0.052 - 0.105 - 0.158 0.210 -
150 5.312 0.047 - 0.094 - 0.141 0.188 -
180 5.500 0.045 - 0.091 - 0.136 0.182 -
Nominal t/R; Ratio at a Nominal Thickness (in.) of—
0.25 0.375 0.50 0.625 0.75 1.00 1.200
For all Forall 0091 0136 0182 0227 0273 0364 0436
angles D;

Figure 6. Geometry of model spherical acrylic window test specimens
with R; = 2.750 inches and 0.250 < t < 1.200 inches.

Since the windows were machined from more than one plate cf
commercially available acrylic material, small variations were anticipated
in the performance of windows under hydrostatic pressure. These small
variations would be causec by minute differences in the manufacturing
process of each individual plate, as well as due to differences in polymer-
ization process from one point in the plate to anothe~ (Appendix B).
These small variations in mechanical propei ties when combined with
the variations in window dimensions defined by the allowable machining
tolerances (Figure 6) were expected to result in a noticeable scatter of
experimentally determined displacements and critical pressures of windows.




A designer utilizing this data can determine from the range of scatter
what deviations of window strength may be expected when ordinary machine
shop tolerances are used on grade “G" Plexiglas material received from various
manufacturers, Knowing what deviations to expect from the average window
strengths, he will be able to introduce an appropriate safety factor to account
for such deviations.

Window Flanges

The model test specimens were mounted in metallic flanges (Figure 7)
designed to fit into the standard end closure of the pressure vessel made
) available for this study. The pressure vessel employed for most of the tests
was NCEL’s Mk-l modification of the U. S. 16-inch naval gun shell® with an
inside diameter of 9.45 inches. This diameter determined the choice of the
2.750-inch internal spherical radius for the model-scale series of window test
specimens, since even the largest spherical acrylic window specimens in the
model window series with R, = 3.950 inches could be tested in the same
vessel,

fe "t

Soup Gonms Labarsi ; <355 Bor- Bones Lagumarvg .

Figure 7. DOL Type 1V steel flanges for testing model spherical
acrylic windows.

The flanges, which were machined from mild steel, were of sufficient
thickness to withstand all k1t minor deformation during ap~ lication of
hydrostatic pressure to the window specimens. In addition to the dimen-
s'onal stability uffered by tne rigidity of the comparatively massive flange
cuiistruction, the hydrostatic loading caused by surrounding fluio under
pressure also acted on the flanne to minir.. ze its expansion from the wedging




action of the windows with small spherical sector angles. |t can, therefore,
be postulated that for all practical purposes the window flanges were rigid,
and only the acrylic windows were deformed during testing.
For each of the six spherical sector angles a flange was provided
with a matching conical bearing surface (Figure 8). To standardize all K
aspects of testing, each flange was provided with a cylindrical cavity of |
different diameter. The cylindrical cavity in each flange was so designed
that the edge of the window's low-pressure surface would be positioned !
0.275 inch from the edge of the cavity, measured radially and horizontally
towards the vertical axis of the flange. The 0.275-inch distance was selected
on the basis of calculations which indicated that this is the distance between
the edge of the cylindrical cavity in the flange and edge of window required
1o give continuous bearing support 1o the thickest 180-degree sector angle
window while its diameter decreased under hydrostatic pressure prior to
failure. As the thickness of the windows tested varied, the high-pressure
faces extended to different elevations in the flange cavity, while the low-
pressure faces prior to testing always rested at the same distance from edge
of cylindrical cavity in flange.
The same principle was followed in the design of flanges for large-scale
spherical windows used for the verification of data gen rated with model
windows (Appendix E).

INSTRUMENTATION

The instrumentation consisted of a thermometer, a series of pressure
gages, and two displacement-measuring devices. The thermometer was used
to measure with 1°C accuracy the temperature of the water in contact with
the convex face of the window in the vessel; the pressure gages measured
with 10-psi accuracy the pressure of the water in the vessel, and the displace-
ment measuring devices measured with an accuracy of 0.001 inch the
displacement of the center and edge of the window low-pressure face as
it extruded or deflected into the conical cavity of the flange.

The axial displacement measuring device consisted of 0.010-inch-
diameter piano wire which had one end cemented to the window's
low-pressure face by means of an acrylic anchor and the cther end
fastened to a weight which rested on a mechanical dial indicator (Figure 9).
The edge displacement measuring device consisted of a strain-gaged wire
ring connected to a strain-balancing and readout unit (Figure 10). The
strain-gaged wire ring in conjunction with the strain-balancing and readout
unit measured the decrease in the low-pressure face’s diameter as the hydro-
static pressure forced the window to extrude through the conical cavity of
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Figure 8. Geometry of DOL Type IV steel flanges for model windows with various

spherical sector angles.
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Figure 9. Device for measurement
of axial displacement at
the center of window's
low-pressure face during
hydrostatic pressurization.

(Figures 9 and 12).

',//' ; AR mounting
-4 assembly was placed on the inside surface of
\ 7 4 72\ - displacement  the 0.045-inch-diameter spring wire
N "i- \% N\ ;’:“1':2:“ rir.lgdto protect it frc;m injhur\r/] a:lthe
o \% window  Window extruded through the flange.
\% under The gage was then coated with a
\@ test waterproofing agent to protect it
%% from water which had been placed

The steel wire connected to the acrylic anchor was then fastened to a dead
weight of 1 pound. The wire was of such length that when it was positioned
over pulleys and one end was centered over the window and the other over
a dial indicator rod, the weight attached to that end came to rest on the dial
incicator rod depressing it slightly. During the experiment the weight was
kept from shifting on the dial indicator rod by a plastic guide tube and a
recess on the bottom of the weight into which the indicator rod fitted

the flange. The change in the
low-pressure face's diameter was
converted mathematically to sliding
displacement of the windows cir-
cumferential edge. The strain gage

in the cavity to keep the strain gage
at a constant temperature.

TEST PROCEDURE

The window flange with the
appropriate spherical angle was
placed on the flange adapter in the
vessel end closure and was bolted
in position. The window, to which
the disp!acement indicator wire was
already fastened by means of a small
acrylic anchor piece cemented onto
its low-pressure face, was coated
with a thin film of silicone lubricant
on its bearing surface and inserted
into the mounting flange (Figure 11).

Rubber bands were used as
retainers to keep the window from
sliding or falling out of the flange.
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spring wire To permit pressurization of

electric resistance the vessel, two entries were provided.

strain gage .
The entry in the bottom end closure
was used to admit the pressurizing
electronic strain-  £),5id 10 the vessel, while the one in
balancing and
readout unit the top end closure served tc remove
[

entrapped air and to relieve the
pressure in the vessel in case of test

The pressure inside the vessel was
monitored at all times with pressure
gages connected by a 1/16-inch-OD
tubing to a fitting in the main pres-
surizing manifold between the
high-pressure pumping unit and the

hydrostatic pressure

Figure 10. Device for measurement vessel. The use of such an extremely
of window’s sliding fine tubing ameliorated to a large
displacement on the degree the dynamic pressure surges

bearing surface of steel

in the hydraulic system at the
flange.

instant of explosive window failure.
Before pressurization began, the cylindrical cavity in the vessel end closure
on the low-pressure side of the window was filled with water. This was done
to keep the window temperature constant during the test and to lessen the
shock wave created when the window failed. The pressurization of the
vessel was accomplished by means of an air-driven pump.

Although different rates of pressurization were feasible, a pumping
rate of 650 * 50 psi/min was selected because previous window studies at
NCEL have used that pressurization rate, and thus it has become accepted
as a standard for short-term pressure tests at NCEL. The temperature of
the pressurizing medium (freshwater) and of the vessel was maintained in
the general range of 689F to 72CF, although for some selected tests it was
reduced to a range of 50°F to 52°F. The temperature readings were recorded
before and after window failure to obtain an average reading.

The pressurization procedure varied, depending on the type of test.
For the tests in which groups of five windows for each a and t/R, were tested
to failure, displacement readings were recorded at 1,000-psi intervals without
interruption of the pressurization. The pressurization was continued until
window failure occurred with an explosive release of compressed water and
window fragments. Water and fragments were ejected high into the air
through the cylindrical cavity in the end closure. To protect the operator
of the pressurizing system from possible failure of the vessel, he as well as
the monitoring equipment were separated from the test area by a massive

termination prior to window ejection.




concrete block. For this reason the mechanical dial indicator readings were
observed by means of a closed-circuit television system consisting of a
television monitor (Figure 13) with the camera focused on the dial of the
mechanical displacement indicator (Figure 12).

Figure 11. Steel fiange for 180-degree spherical sector model
windows attached to the end closure of pressure vessel.

For tests in which the diametral contraction of the low-pressure
face was measured by means of the strain-gaged wire ring, the pressurization
was terminated at 70% to 80% of critical pressure so that explosive failure
of the window did not take place. The pressure was held for approximately
15 minutes before it was relieved through the air-bleed vent in the top end
closure of the pressure vessel. By holding the pressure constant for 15
minutes, exploratory data was generated on the time-dependent displace-
ment rates of spherical acrylic windows under sustained loading.

For this series of windows, a strain-gaged wire ring (Figure 10) was
placed in the circumferential corner formed by the intersection of the low-
pressure window face and the steel mounting flange, the leads were brought
out of the vessel through the cylindrical cavity in the flange, and a strain-
balancing and readout unit was hooked up to the leads.
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Figure 12. Window displacement monitoring setup.

As the window extruded through the flange, the diameter of the
low-pressure face decreased, causing a decrease in the diameter of the wire
ring and a change in the resistance of the strain gage. Each strain-gaged
wire ring was precalibrated, allowing the resistance readings to be converted
directly to magnitude of sliding displacement upon the conical flange seat
surface.

TEST OBSERVATIONS
Modes of Failure

Not all model spherical windows tested under short-term pressure
loading failed, as some of the windows were of such proportions that they
could withstand 30,000 psi—the highest available pressure at the NCEL
pressure test facility. The windows that did not fail at pressures less than
30,000 psi under short-term loading in this study were those with t/D; >
0.525 and a spherical sector angle of 30 degrees. The only marks left on




these windows by the short-term pressurization to 30,000 psi were cracks on
the bearing surface, a small extrusion plug on the low-pressure face (Figure 14),
and cold-flow cratering on the high-pressure face (Figure 15).

¥

-

-Pepont w0 oo

G

Figure 13. Control center for conducting window tests,

The windows that failed did so in one of two ways, the type of failure
depending on the spherical sector angle and the t/D; ratio of the window. Cne
kind of failure was characterized by elastoplastic instability of the spherical
window center as evidenced by formation of a local flat spot at the center of
the window prior to failure. The failure occurred when either (1) the biaxial
tensile flexural stress at the center of the low-pressure face generated by
formation of a local flat spot or (2) the shear stress around the circumference
of the flat spot exceeded by a sufficiently large margin the superimposed
triaxial compressive stress field present in the window due to overall hydro-
static loading of the spherical window shape. Since the flat spot generally
formed at the center of the window, and since its extent was rather limited,
the fracture of the window took place in the form of a fragmented disc
being torn out from the center of the window (Figure 16). The diameter
of the hole torn was a fair indicaior of the diameter of the flat spot formed
at that location prior to initiation of fracture. This type of failure occurred
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in all of the spherical windows with spherical sector angles of 90, 120, 150
and 180 degrees, regardless of their t/D; ratio. In windows with spherical
sector angles of 30 degrees or 60 degrees, this type of failure took place
only when the t/D; ratio was less than 0.275.

Figure 14. Cold-flow plug on the low- Figure 15. Initiation of cold-flow
pressure face of a spherical acrylic cratering on the high-pressure
window after short-term hydrostatic face of a spherical acrylic win-
loading to 30,000 psi; 30-degree dows aiter short-term hydrostatic
sector angle, t/D; = 0.527. loading to 30,000 psi; 30-degree

sector angle, t/D; = 0.527.

The other kind of observed window failure was the plug extrusion
type. In this case the proportions of windows were such that although a
flat spot did appear at the center of the window, the tensile flexural stresses
on the low-pressure-face center of the window did not exceed the compressive
stress generated there by the wedging of the window in the conical seat of
the flange. Because of the wedging, a flexural fracture of the window did
not take place. In this type of window failure, the diameter of the window
decreased under compression until the window couid slip through the
cylindrical passage in the center of the window flange. Upon ejection com-
plete fragmentation of the window took place. Moments beiore ejection
such windows showed 2 very deep cold-flow crater on the high-pressure face
{Figure 17) and a well-developed extrusion plug with a convex surface on
the low-pressure face (Figure 18). The extrusion plug type of failure was
observed only in 30-degree and 60-degree spherical sector windows with
t/D; ratios larger than 0.360.




Figure 16. Spherical acrylic window that failed at 15,500 psi after formation
of a flat spot in the center of the window; 180-degree sector

angle, t/D; = 0.182.

Figure 17. Well-developet. cold-flow
crater on the high-pressure face
of a spherical acrylic window
just prior to ejection of the
wiadow through the central
opening in the flange at 30,00C
nsi; 60-dw,ree sector angie,
t/Dj= 0.436.

Figure 18. Well-formed extrusion plug
on the low-pressure face of a
spherical acrylic window just prior
to ejection of the window through
the central opening in the flange at
30,000 psi; 60-degree sector angle,
t/D; = 0.423.
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Besides the cold-flow deformation of the window in the form of
flat spots or cratering in the center of the high-pressure face of the window
and the corresponding formation of plug extrusion on the low-pressure face,
some cold flow also occurred on the bearing surface. The plastic deformation
of the bearing surface took place by rounding of the bevel on the previously
flat conical bearing surface (Figure 19). This deformation of the bearing
sarface was particularly pronounced only in windows with t/D; ratios larger
than 0.090 and spherical sector angles larger than 60 degrees (Figures 20,
21, and 22). In addition, the bearing surface of the window was penetrated
by many fine cracks originating at the bearing surface proceeding into the
interior of the window at right angles to the same bearing surface (Figure 23).
At any given hydrostatic pressure the number of cracks in windows of the
same thickness but different sector angles was different for each sector angle
(Figure 24). The cracks were most numerous in windows with a spherical
sector angle of 90 degrees (Figure 25) and were almost completely absent
in windows with 150-degree angle (Figure 26). Furthermore, when windows
of different thickness but of same sector angle were pressurized to a high
percentage of a given window'’s critical pressure (Figure 27), it was noticed
that the number of ¢.acks in the bearing surfaces varied with thickness of
the window. The thicker the window, the more numerous were the cracks.
A few of those cracks were observed to appear some time interval after
depressurization and removal of the window from the flange.

7724 40557
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bearing b. Size of a. a. Size ot
i load window window
distribution when b. under 25%
relaxed p, loading
Typical surface bearing load distribution Typical relaxation of a window when
at hydrostatic loading less than 25% of hydrostatic pressure of 0.25 p, magnitude
critical pressure is removed

initiation of cold flow
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4

bearing ///;//4////// LK

g b. Size of a. Size of
load _ a. ;
distritbution initiation of window window
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extrusion when under 75%
plug reiaxed Pe loading
Typical surface bearing load distribution Typical relaxation of a window when
at hydrostatic loading higher than 75% of hydrostatic pressure of 0.75 p, magnitude
critical pressure is removed

Figure 19. Deformation processes responsible for rounding of
bearing surfaces of spherical acrylic windows,
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magnitude of bearing
surface deformation

Figure 20. Pronounced permanent deformation of bearing surface
on a spherical window that failed at 15,000-psi hydro-
static pressure; 120-degree sector angle, t/D; = 0,158,
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magnitude of bearing surface ) ) g . . ‘
deformation approximately g - - . . ,
1/16 inch

Figure 21. Pronounced permanent deformaticn of bearing surface
on a thick spherical window pressurized to 72% of
short-term critical pressure; 180-degree sector angle,
t/D; = 0.182.
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Figure 22, Absence of permanent deformation of bearing surface
on a thin spherical window pressurized to 70% of
short-term critical pressure; 180-degree sector angle,
t/D; = 0.046,

cracks generally
absent

<
0‘} v
Q- A

deepest cracks ¥ O

<

typical cracks originating on
window's bearing surface

cracks generally
absent

Figure 23. Direction and distribution of cracks originating on
the window’s bearing surface.
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Figure 24, Overview of cracks in the bearing surfaces of 1-inch-thick
windows after being subjected to 11,500 psi of sustained
hydrostatic pressure for 15 minutes. Note the severe
cracks in 90-degree and 120-degree windows.

Figure 25. Severe cracks developed in 90-degree sector angle,
1-inch-thick window after 15 minutes of sustained
pressure at 11,500 psi, equal t0 75% of window’s
short-term critical pressure.
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Figure 26. Only small cracks are visible in 150-degree sector angle, 1-inch-thick
windows after 15 minutes of sustained pressure at 11,500 psi, equal to
to 75% of window's short-term critical pressure.

Figure 27. Overview of cracks in the bearing surfaces of 60-degree sector angle
windows of different thickness; all sustained hydrostatic pressures
for 15 minutes. Note that there are more cracks in 1-inch-thick
window than in 0.25-inch-thick window although the thick win-
dew was loaded to a lower fraction of its short-term critical pressure.

Short-Term Critical Pressures

The critical pressure of windows with different t/D; ratios and
spherical sector angles varied with the t/D; ratio, spherical sector angle,
temperature of pressurizing medium, and length of loading. Generally
speaking, an increase in t/D, ratio was always foilowed by ar. increase in
critical pressure, however thz relationship between t/D; and critical pres-
sure was different for each spherical sector angle (Figures 28 through 33J.
For any given t/D; ratio, an increase in spherical sector angle was always
followed by an increase in critical pressurs {Fiyure 34).
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Figure 34, Critical pressure of model acrylic windows with different
t/D; ratios as a function of the spherical sector angle.

Critical pressures of windows with the same spherical sector angle
but different /R, ratios increased with the magnitude of the t/R; ratio.
However, the exact relationship between t/R; ratio and p, was distinctly
different for each spherical sector angle (Figures 35 through 40). When
one observed the critical pressures of windows with the same t/R; ratio
but different spherical sector angles, it appeared that changing the spher-
ical sector angle has no influence on windows with t/R; < 0.182 (Figure 41).
The situation was quite different for windows with t/R; > 0.182, for which
a definite change in critical pressure occurred in windows of the same t/R;
but different sector angles. As may be noted in Figure 41, the largest
increase in critical pressure occurred when the spherical sector angle was
decreased from a 90-degree to a 30-degree angle; very little, if any, variation
took place in the 180-degree-to-90-degree region. This indicates that the
edge effect in windows of same t/R; exists only for relatively thick windows
with a spherical angle less than 90 degrees. Windows with larger spherical
sector angles fail at critical pressures that are in the same range as the
collapse pressures of complete monolithic hollow acrylic spheres of same
t/R; ratio. For example, the 5,200-to-6,200-psi critical pressure range of
180-degree windows with t/R; = 0.143 compared favorably with 5,000-psi
critical pressure of an acrylic sphere of same t/R, ratio (Figure 1).
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When the temperaiure of the pressurizing medium was lowered from the
68CF-t0-72°F room temperature range (in which most of the imnicsion tests
were conducted) to the 50°F-10-52°F temperature range more common in the
ocean depths, the critical pressures of spherical windows increased by approxi-
mately 20% (Appendix C). Thus the data generated by implosion testing of
windows at room temperature is conservative when applied to the design of
windows that will operate in hydrospace at lovser ambient temperatures.

Since a total of only 20 large-scale windows (Appendix E), as compared
to 170 model windows, was tested, tests results obtained with model windows
cannot be completely validated. The 60-degree spherical sector angle is the
only one for which a fairly accurate comparison between the large- and small-
scale windows exists (Appendix E). This comparison indicates that the critical
pressure data generated with model windows appears to be applicable to large-
scale windows of the same t/R;, t/D;,, and spherical sector angle, even though
the critical pressures of full-scale spherical windows were somewhat lower
than those of the model windows (Appendix E). No explanaticn for this has
been found experimentally. However, the difference in critical pressures
between the model and full-scale windows is less than 29%, while the spherical
radii of model and full-scale windows differ by a factor of more than two.
Thus it would appear that the critical pressures of model windows can be
used with a reasonable degree of confidence in designing full-scale spherical
windows, particularly if the safety factors recommended in Appendix H are
applied.

The critical pressures of spherical windows with built-in stress raisers
on the convex surface did not differ significantly from critical pressures of
identical spherical windows without stress raisers (Appendix F). Since only
windows with one t/D; ratio and spherical sector angle were evaluated with
stress raisers, a general observation cannot be made about all spherical win-
dows. However, on the basis of data generated with windows having a
150-degree spherical angle and 0.094 t/D; ratio and incorporeting numerous
stress raisers, it would appear that very serious stress raisers can be incorpo-
rated into the high-pressure face of 150-degree spherical windows without
significantly lowering the critical pressure of the window.

Displacements Under Short-Term Pressure

When pressurized, all windows underwent displacement in their
respective flanges. Since the axial displacement was measured only at the
center Yor the majority of model windows and only a few had their displace-
ment measured along the circumference of the window, the generated data
describes with statistical confidence only axial displacements. However, by
comparing the measurements taken at the center and at the circumference
of the windows, a good idea can be formed on how the window cf a given
t/R; and « is deforming under hydrostatic loading.
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28 A Thickness tolerance —*0.010in. _
7 Angle tolerance —+15 minutes
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Spherical radius (R;) — 2.750 in. 7
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Figure 41. Tritical pressures of model acrylic windows with different
/R, ratios as a function of the spherical sector angle.

The axial displacements of spherical windows for any selected t/R;
ratio and magnitude of short-term pressure loading were observed to be
approximately the same for all spherical sector angles (Figures 42 through
47) so long as the pressure selected was a snall fraction of the window's
critical pressure. The displacements were not the same however for a
given short-term pressure and spherical sector angie when the t/R; differed.
Thus, it appears that for any chosen radius of curvature R; and shell thick-
ness t, the axial displacements vary only with short-term pressure, and not
with the spherical sector angie if the pressure is only a smali fraction of the
window's critical pressure. When all parameters except short-term pressure
are held constant in the comparison, the magnitude of axial displacement
has been observed to vary with the pressure in a nonlinear manner.

The axial displacements of spherical windows, for any chosen
short-term pressure and t/D; vary inversely with the spherical sector angle,
the 180-degree windows having the least displacement {Figures 42 through
47).

Since all the data on sliding displacement of windows in the flanges
under short-term loading represents not the average of five window groups
but only the test results from one model window specimen for each t/R;
and angle, less confidence can be placed on this data. Nevertheless, the
plotted graphs do indicate the general trend and magnitude of the window’s
sliding under hydrostatic loading.
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Thickness tolerance — £0.010in. y »”

Angle tolerance - *15 minutes / /
28 Water temperature —70% 2°F /

Pressurization rate — 650 % 100 psi/min t/R; = 0.364 ﬂﬂ_ = 0273
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Figure 42. Axial displacements of 30-degree sector angle model spherical
acrylic windows under short-term pressure loading.

Axiai Displacement of the center po.int on T
lovipressure face is measured along the /_/ tR; = 0.436
vertical axis of the flange opening; each ]
curve is the average value cf five vandow o
specimens /

24

AY

Spherical radius {R;) — 2.750 in.

T 7 // UR; = 0.364
x / / | :
é 16 #aterial — Grade G Plexiglas |
e // Thickness tolerance — 20.010in.
2 Angle tolerance -~ 215 minutes
a t/R. = 0.272 y D
3 " 1] -
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Figure 43, Axial displacements of 60-degree sector angle model spherical
scrylic windows under shori-term pressure floading.
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Material —Grade G i’lexiglas
Thickness tolerance — %0.010 in.
Angle tolerance — £15 minutes

20 | Water t_em?erature —70+2°F o t/R; = 0.436
Pressurization rate — 650 * 100 psi/min ey

Spherical radius (R;) — 2.750 in. / [
Axial Displacement of the center point on

low-pressure face is measured along the
/ t/R; = 0.364  vertical axis of the flange opening; each
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-
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/t/Ri = 0.182
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Figure 44. Axial displacements of 90-degree sector angle mode! spherical
acrylic winde+vs under short-term pressure loading.
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Material — Grade G Plexiglas Axial Displacement of the center point on
Thickness tolerance — +0.010 in. low-pressure face is measured along the
Angle tolerance — 15 minutes vertical axis of the flange opening; each

16| Water temperature — 70 2°F L curve is the average value of five window _|

Pressurization rate — 650 X 100 psi/min | specimens

o Spherical radius (R;} — 2.750 m./ t/R; = 0.364

x /

G 12

B IR; = 0.273 I
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£ g e

:g / , t/R' = 0.
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0 0.2 0.4 0.6 0.8
Axial Displacement (in.)

Figure 45. Axial displacements of 120-degree sector angle model spherical
acrylic windows under short-term pressure loading.
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Material — Grade G Plexiglas Axial Displacement of the center point on
Thickness tolerance — £0.010 in. low-pressure face is measured along the
Angle tolerance = +15 minutes vertical axis of the flange opening; each
20F Water temperature —70% 2% - curve is the average value of five window .
Pressurization rate — 650 100 psi/min  specimens
Spherical radius (R;} — 2.750 in.
me 16
X
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§ 12 P ;
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o //-— i l
3 0
£ g vy A 150
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W
%/ t/Ri = 0.L91 —4.770 in.
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0 I | |
0 0.2 0.4 0.6 0.8
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Figure 46, Axial displacements of 150-degree sector angle model spherical
acrylic windows under short-term prassure loading.
20 :. v . " T T T
Axial Displacement of the center point on Material ~ Grade G Plexiglas
low-pressure face is measured along the Thickness tolerance ~ £0.010in.
|_ vertical axis of the flange opening; each _|_ Angle tolerance —£15 minutes i
‘e 181 curve is the average value of five wilndow Water temperature —70% 2°F
e specimens t/R; = 0.364| Pressurization rate — 650 % 100 psi/min
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Figure 47. Axial displacements of 180-d2

agree sector angle model spherical

acrylic windows under short-term pressure loading.
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The sliding of window’s beveled edge on the window seat in the flange
was somewhat less in magnitude than the axial displacement of the window
under the same short-term pressurization, indicating the effect of friction
between the window’s edge and the flange. When a comparison was made
of the magnitudes of the sliding displacements for windows with different
spherical sector angles but the same t/R; ratio nd pressure, it appeared that
the displacements do not vary significantly from one spherical sector angle
to another (Figures 48 through 53). When all parameters are held constant,
the magnitude of sliding is observed to vary with the pressure in a nonlinear
manner.

FINDINGS

All findings, except 10 and 11, are based on data from model regular
spherical sector acrylic windows with R; = 2.750 inches tested in the 68°F-
10-729F temperature range. Finding 10 is also based on mode! tests but in
the low temperature range, while finding 11 is based on full-scale window
tests (Appendix E), where R; differs from 2.750 inches.

1. Critical pressure of windows having t/R; > 0.090 with identical thickness
but different low-pressure-face diameters and associated spherical sector
angles was found to be an inverse function (Figure 41 and 54) of the spher-
ical sector angle in the 30-degree < o < 90-degree range. For windows with
t/R; < 0.090 the critical pressure was approximately the same for all the
spherical angles.

2. Critical pressure of windows with the same thickness-to-low-pressure-
face-diameter ratio but different spherical sector angle, diameter, and
thickness was found to be a function of the spherical sector angle. An
increase in the spherical sector angle was always accompanied by an increase
in critical pressure in the 30-degree < « < 180-degree range (Figures 34 and
55).

3. For any given thickness-to-low-pressure-face-diameter ratio, the critical
pressure of spherical windows was found (Figure 56) to be always higher
than the critical pressure of conical windows of same sector angle mated
to DOL Type | flanges.!

4, Axial displacement of the spherical windows with same thickness but
with different low-pressure-face diameter and associated spherical sector
angles was found to be fairly constant for all angles at any given pressure
loading.
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5. Axial displacement of spherical windows with the same thickness-to-low-
pressure-face-diameter ratio but different spherical sector angle, diameter,
and thickness was found to be an inverse function of the angle.

6. For any given thickness-to-low-pressure-face-diameter ratio and sector
angle the axial displacement of spherical windows was less than that of
conical acrylic windows with flat parallel viewing surfaces (Figure 57).

7. The sliding displacement of the window’s bearing edge was found to
be significantly less than axial displacement of any given window.

8. The spherical windows act as optical lenses with magnification of less
than one. No optical distortion has been observed when the observer’s
eye is located at the center of a window's low-pressure-face curvature
{Appendix D).

9. Stress raisers on the convex surface of the spherical windows do not
appear to decrease the critical pressure of the window (Appendix F).

10. Critical pressure of spherical windows was found to increase with a
decrease i, ambient temperature. The increase in critical pressure of
windows due to lowering the temperature of the pressurizing medium
from the 68°F-to-72°F room-temperature range to the 50°F-t0-520F
range was approximately 20% (Appendix C).

11. The critical pressures and axial displacements of full-scale spherical
acrylic windows can be predicted with fair accuracy on the basis of critical
pressures generated by testing to destruction of model windows with
identical t/R;, t/D;, and « (Appendix E).

CONCLUSION

Spherical acrylic windows provide not only a larger field of view for
the observer, but also fail at higher hydrostatic pressures than conical or flat
disc acrylic windows of same thickness-to-diameter ratio.
RECOMMENDATION

In view of the superior performance shown by spherical acrylic
windows under short-term pressure loading further studies should be

conducted to evaluate their performance under long-term and cyclical
pressure loading.
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Figure 48. Sliding displacements of 3C-degree sector angle model acrylic windows
along flange seat under short-term hydrostatic pressure loading.
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Figure 49. Sliding displacements of 60-degree sector angle model acrylic windows
along flange seat under short-term hydrostatic pressure loading.
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Figure 50. Sliding displacements of 30-degree sector angle model acrylic
windows along flange seat under short-term hydrostatic pressure

loading.
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Figure 51. Sliding displacements of 120-degree sector angle model acrylic
windows along flange seat under short-term hydrostatic pressure

loading.
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Figure 52. Sliding displacements of 150-degree sector angle model acrylic
windows along flange seat under short-term hydrostatic pressure
loading.
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Figure 53. Sliding displacements of 180-degree sector angle model acrylic
windows along flange seat under short-term hydrostatic pressure
loading.
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Figure 54. Summary of critical pressures as a fiznction of t/R; for all model
spherica! acrylic windows under short-term pressure loading.
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Appendix A

EFFECT OF STRAIN RATE ON THE MECHANICAL
PROPERTIES OF ACRYLIC PLASTIC

The spherical acryiic windows tested in this study were pressurized
at the rate of 650 psi/min; however, the resultant stress rates varied with
the thickness of the window tested. The minimum sifess rate for the speci-
mens was on the order of 1,200 psi/min for the 1.000-inch-thick windows,
while the maximum stress rate was 3,800 psi/min for the 0.250-inch-thick
windows. Sinze the maximum stressing rate is approximately three times
larger than the minimum stress rate, it was conceivable that the response
of the window imaterial differed between these stress rates.

To find whether stress rate has any effect on the strength, strain,
modulus of elasticity, or Poisson’s ratio of grade G’ Plexiglas, cylindrical
specimens were tested in axia! compression at different loading rates.
Assuming that the critical pressures of the windows are directly propor-
tional to the mechanical properties of the cylindrical specimens, the
information obtained from the cylindrical specimens would show 10
what extent the vindows are affected by the varying of stress rate.

There are many factors which influence the critical pressure of
the windows, such as thickness, spherical angle, flange shape, and temper-
ature of environment. Stil, the effect of each variable can be separated
from the others by changing the dimensional proportions of the spec.mens,
or testing environment. The effect of varying the stress rate could also be
determined by testing windows at various loading rates, but testing cylin-
drical specimens would give approximately the same results, and the limited
number of expensive spherical vsindow specimens could thus be used for
determination of more important structural parameters of the window.

To find how cylindrical specimens are affecied by varying the stress
rate 10 specimens were tested, two at each of five different loading -ates:
80 psi/min, 1,220 psi/min, 2,225 psi/min, 3,900 psi/min, and 12,750 psi/min.

The range of the loading rates selected was such that there was in
addition to stressing rates comparable to those in the windows also one rate
considerably higher and one considerably lower than the maximum and
minimum stress rates of the spherical window specimens. The highest
loading rate for the cylindrical specimens was approximately three times
the maximum stress rate of the window specimens, and the lowest loading
rate was approximately 1/15 of the minimum stress rate found in the win-
dows. It was hoped that if the simulated window stress rates differing by
a factor of 3 did not produce any marked difference in material response,
then the exaggerated maximum and minimum stress rates differing by
approximately a factor of 150 would.
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The physical proportions of the cylindrical specimens were chosan
to conform essentially to ASTM Specificatiqn D595-63T; the specimens
could be cut from a 4-inch-ihick plate, the same material from which the
spherical window specimens were made. The specimens, 4.00 inches in
length and 2.00 inches in diameter (Figure A-1). were cut with their major
axis parallel to the 4-inch-thick side of the plate.

I i i i f ' 1 i

AR -
Desp Ocean Laboratory 522

Figure A-1. Acrylic cylindrical test specimens before and after
compression testing.

The cylindrical specimens were tested at a room temperature range
of 750F-t0-80°F in a 400,000-pound-capacity Baldwin-Tate-Emery Universal
Testing Machine. The load was applied axially on the lower face of the
cylinder by a pump-driven hydraulic ram which compressed the specimen
against a stationary platen.

The deformation during testing of each specimen was measured in
both the axial and transverse directions by mechanical dizal indicators;
readings were taken at 5,000-pound intervals. The dial indicator used for
measuring the transverse deformation was equipped with a T-shaped rod,
thus allowing the maximum displacement to be measured whether it appeared
above or below the center of the specimen (Figure A-2). Although this type
of arrangement is not the one recommended by ASTM for accurate deter-
mination of material properties, it is useful for comparison of strains under
different loading rates. The specimens were loaded until they reached 2




point where the strain rate was increasing faster than the Universal Testing
Machine could apply the load. One specimen was tested to failure so that
the approximate ultimate stress would be known, and the mode of failure
could be observed.

Figure A-2. Experimental setup for the measurement of axial and
transverse Strains in acrylic test specimens under uniaxi!
compression; at 14, 500-psi stress {evel.

From the stress—strain curves {Figures A-3 ang A-£), which zre based
on the originzgl cross-sectional areg, it can be szen that at all siress levels an
increase in lozading rate results in 2 decrezse of strain rate. i czn beseen
from Figure A-4 that the tangent modulus of elasticity, end the secant
modulus of elzsticity also chang2 with loading rates. In the cese of the
moduli of elasticity, their magnitude decrezses as the In2ding rate decreases
(Figures A-5 2nd A-6). An increase in loading rate is inveriably followed by
2 decrease of Poisson's ratio (Figure A-7).

The specimen that wes tested to destruction {Figure A8} had 2
conical surface failure 2t both the upper and lower bearing surfaces. Freg-
ments from the cylindrical specimen veere gjected in all directions when
failure occurred at 2 lozd of 103,000 pounds. At this load the specimen
had been compressed 10 approximately 2 inches, or 50%) of its original
length, i
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Figure A-3. Axial strain in acrylic test specimens under uniaxial compression.

Testing of the cylindrical specimens proved that the loading rate has

an effect on the mechanical properties of grade "'G’’ Plexiglas. However, it
should be noted that the difference in strain rates, tangent and secant
moduli of elasticity, and Poisson’s ratio for the simulated maximum and
minimum stressing rates of the spherical windows in this study (curves B
and D on Figures A-3 through A-7) was less than 15% in the 0-to-10,000-
psi stress range and thus could be ignored.

45




24

. [ =y
2 = B
S e
L —mD
o ) é — "
o 7/ £
[} —
212 Material — Grade G Plexiglas |
7 Size {in.} -~ L=40,0=20
o Temperature — 75°-80°F
7 +-D . I
8 transverse strain = AR — | Loading Rates (psi/min)
_‘f_ A — 12,750
i B - 3,900
4 C - 2225 —
test specimen D - 1220
I E - 80
0 1 | |
0 0.02 0.04 0.06 0.08 0.10
Transverse Strain (in./in.)
Figure A-4. Transverse strain in acrylic test specimens under uniaxial
compression.
24 I I l I |
Material - Grade G Plexiglas A
| Sizelin) - L=40,D=20 el
20" Temperature — 75°.80°F /// B
C
16 //, D
2 L —
g 12 4
7 4
S / l.oading Rates (psi/min}
w
8 A — 12,750 —_—
7 B — 3,900
C -~ 2,225
4 D - 1,22 _
test specimen E - 80
ol ||
] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Poisson’s Ratio

Figure A-5. Poisson’s ratio in acrylic test specimens under uniaxial

compression,
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Figure A-7. Secant modulus of elasticity in acrylic test specimens
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Figure A-8. Shape of fragments remaining after failure of cylindrical
test specimen under uniaxial compression.




Appendix B

MECHANICAL PROPERTIES OF
4-INCH-THICK CAST ACRYLIC PLATE

The spherical windows tested in this study were machired from
4.0-inch-thick plates of acrylic plastic. The large hemispherical window
specimens were cut with their central axis perpendicular to the polished
surface of the plates as this was the only way that hemispherical windows
of 2.760-inch internal radius could be machined from plate only 4 inches
thick. However, the 30-degree spherical angle windows were machined
with their central axis parallel to the polished surface of the plate, as in
this manner more specimens could be cut from a given piece of acrylic plate.

Since at one stage of the manufacturing of acrylic plates, acrylic in
a liquid state is poured into molds between sheets of glass and allowed to
harden, it was conceivable that as a result of sedimentation of denser liquids
or variation in hardening time at different planes in the plate that the physical
properties of acrylic would vary between the axial and transverse axis of
the plate. To find whether specimens which have been cut with their axis
along different directions in the plate have the same physical properties,
cylindrical specimens were selected to be tested in axial compression. Six
cylindrical specimens, half of whist, were cut with major axis parallel and
half with major axis perpendicular to the polished surface of the acrylic
plate (Figure B-1), were tested at room temperature (75° to 80°F) in a
400,000-pound-capacity Baldwin-Tate-Emery Universal Testing Machine,
at the rate of 1,450 psi/min. The dimensions of the cylinders, 4.00 inches
in length and 2.00 inches in diameter, were chosen to permit cutting the
specimens from a 4-inch-thick plate of grade G’ Plexiglas. This was the
same material from which all spherical windows were made; dimensions
of the test cylinders conformed to ASTM Specification DG95-63T.

The testing procedure was identical to that set forth in Appendix A,
except that the loading rate was constant for all specimens. After conclusion
of tests, the magnitudes of strains were compared to determine whether any
significant differences existed between strain values measured on the differ-
ent test cylinders. A comparison of results disclosed no significant differences
in compressive strengths of test cylinders (Figure B-2}, regardless of their
orientation in the plate prior to machining. Because of the insignificant
variation in strain of the cylindrical specimens cut along different axes in
plate it can be safely assumed that for the current spherical window study
no variables have been introduced into the experimental program by having
the windows machined from the acrylic plate along different planes.
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Figure B-2, Axial strains in acrylic test specimens under uniaxial
compression,
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Appendix C

EFFECT OF TEMPERATURE ON THE CRITICAL PRESSURE
OF SPHERICAL SHELL ACRYLIC WINDOWS

It is a known fact® that the compressive strength of acrylic plastic
increases with a decrease of temperature under which it is tested. Previous
studies' performed at NCEL confirmed this by showing that the critical
pressures of conical acrylic windows under short-term hydrostatic pressure
loading were-influenced by changes in temperature, For this reason, it was
deemed necessary also to explore the influence of temperature on the
critical pressure and displacement of spherical acrylic windows.

To find this effect, a group of four windows with 180-degree spherical
angles, internal radii of 2,750 inches, and nomiral thicknesses of 0.750 inch
were tested in the temperature range of 50°F to 52°F, The testing procedure

-for the low-temperature specimens was identical to that used in the standard

test series, except for the water temperature.

The change in pressurizing-medium temperature influenced both the
magnitude of strains as well as critical pressure of windows tested. The
strains in windows exposed to the low-temperature pressurization medium

-~ were found to be less by approximately 20% to 40% than in identical win-

dows tested in the 69°F-to-70°F temperature rangs (Figure C-1). The
average critical pressures of the window specimens tested in the low-
temperature range (Table C-1) were found to be higher than the average
critical pressure of identical windows in 699F-t0-70°F temperature range
(Table C-2) by 17%, or 2,042 psi. The standard error of the difference
between means for the critical pressure resulting from the low and stan-
dard temperature tests was calculated to be 102 psi. Since the difference
between the average critical pressures of windows in the low and standard

‘temperature ranges was 2,042 psi, it can be concluded that the difference

is significant and not due to scatter of test data. Because no additional
variable was introduced into the tests other than water temperature, it
can be assumed that the difference in average critical pressure between
the 519F and 70°F temperature test groups was caused by the influence
of low temperature on the mechanical properties of acrylic plastic.
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Since only one group of windows with a t/R; ratio of 0.272 and a
180-degree spherical angle was tested at 51+ 10F temperature, it is not
known how much the critical pressures of spherical windows with different
t/R; ratios and angles are increased in 519F temperature environment.
Furthermore, it is not known how much further the critical pressure will
increase if the temperature of the pressurizing medium decreases to the
32O0F-10-34°F temperature range typical of deep ocean environment. It
can be postulated, however, that since it is known that the strength of
acrylic plastic increases with a decrease in temperature environment
(regardless of whether the material is tested in tension, flexure, shear or
compression®), the critical pressure of any acrylic spherical window will
increase also in such an environment since all the windows fail by one, or
a combination of these failure mechanisms.

Thus it zan be concluded that the critical pressures plotted in the
main bedy of the report represent conservative values, as the critical pres-
sures of spherical acrylic windows in the 32°F-t0-34°F temperature
environment found in ocean depths will be higher. The magnitude of the
critical pressure increase is unknown, but predictions based solely on the
increase of material strength place it in the 15%-t0-25% range
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Figure C-i. Axial displacements of spherical acrylic windows tested
under short-term hydrostatic pressure at different
semperatures; t/R; = 0.273, a = 180 degrees.
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Appendix D

OPTICAL PROPERTIES OF SPHERICAL
SHELL ACRYLIC WINDOWS

DISCUSSION

The fundamental reason for existence of windows in hydrospace
structures is to permit the observation of the surrounding hydrospace. An
ideal hydrospace window would be strong enough to withstand the pressure
found in the deepest part of the ocean, and at the same time would absorb
very little light, cause no distortion of the image, require only a small pene-
tration in the hull, and afford the observer a large field of view. Currently
the most widely used shape of hydrospace windows is a 90-degree angle
cone frustum, and the material utilized is acrylic plastic. Although the
conical windows possess many good features, like good resistance to
implosion for a given t/D; ratio, ease of fabrication, and fairly large field
of vision for a given hull penetration diameter, their optical properties
leave a lot to be desired. The major optical shortcomings of conical win-
dows are a severe image distortion when the observer’s eye is close to the
window’s low-pressure face and a relatively small field of vision when the
observer’s eye is one or two window diameters away from the low-pressure
face. Thus, for example, to utilize the 90-degree field of vision afforded by
the 90-degree conical window, the observer has to have his face against the
window surface with the resulting distortion of image. This distortion is
caused by the difference in length of paths that the rays must traverse
through a thick conical window when the eye is against the low-pressure
face of the window. When the observer steps back from the window in
order to minimize the distortion, he finds that his field of vision decreases
from a 90-degree cone to 30 degrees or less, depending on his distance
from the window. Thus the observer is forced to continually trade off
field of vision for lack of distortion.

A different problem presents itself when spherical shell* windows
are substituted for conical windows. In the spherical window, having the
high- and low-pressure surfaces concentric to each other permits undistorted
viewing of hydrospace when the observer’s eye is located at the window's
center of curvature. Since binocular vision is desirable, spherical windows
with large radii are desirable. Use of large radius windows decreases the
image distortion introduced by the impossibility of placing both eyes
simultaneously in the center of curvature.

* For brevity these windows are usually referred to simply as “spherical windows” in
this report.
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While achievement of a 90-degree field of vision through the use of
90-degree conical-windows is rather difficult because of the uncomfortable
proximity to the window’s surface that the observer must maintain, such a
wide field-is quite easy to attain with spherical windows. In fact, achieve-
ment of a 120-degree or even 150-degree field of vision through use of
spherical windows is relatively easy and comfortable because the observer’s
eye is not required to be any closer to the window's surface than the
distance between center of curvature and window's low-pressure surface.
Although spherical windows of any radius of curvature can be employed
in hydrospace structures, it is desirable for comfortable monocular viewing
to use a radius of internal curvature longer than 7 cm, while for binocular
vision the radius should be longer than 30 cm.

Severe image distortion results when spherical windows in the shape
of a hemisphere are used for hydrospace observation with the observer
removed from the center of curvature. When the observer is placed five
to ten radii of curvature away from the window’s low-pressure face, no
image distortion is noticeable when the field of vision is limited to less
than 5 degrees (Figure D-1). Very noticeable distortion appears at the
periphery of the field of vision when the field of vision is enlarged to
10 degrees. The distortion becomes unbearable when the field is further
increased beyond the 10-degree angle (Figure D-2). Thus it would appear
that windows with spherical sector angles larger than 30 degrees are
desirable only when the observer will perform most of his observations
from a place only one to two radii of curvature removed from the window's
low-pressure surface. If frequent observations are also to be conducted
from a position five to ten radii away from the window's surface, a spherical
window with spherical sector angle of 30 degrees or less is recommended, as
any part of the image beyond the 10-degree field of vision will be severely
distorted.

An interesting feature of spherical acrylic windows is that they act
as true optical lenses producing erect images whose magnification can be
calculated. For the purposes of this report, several simplifying assumptions
have been made in order to make the following derivation of the lens mag-
nification more mathematically manageable. Because of the simplifications
made in the derivation, the resulting plotted data is to be used only as a
first approximation of the actual lens magnification. For precise calculation
of optical properties for a spherical window of given dimensions a special
computation, quite beyond the scope of this report, is to be made that
includes not only the determination of magnification but also of distortion.
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Figure D-1. View through a spherical acryiic window with internal curvature
of 7 cm and external curvature of 9.5 cm. The observer's eye is
located at the center of the curvature of the window.

Figure D-2. View through a spherical acrylic window with internal curvature
of 7 cm and external curvature of 9.5 cm. The observer is located
100 cm away from the window.
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Calculation of Spherical Window Magnification*

The focal length of a thin** lens is given by***

1 ny 1 / Ny = Ny 1
= |\—-1lls)-{— U= (1)
f n, R, n, R;
where n,, is the index of refraction of the lens; n, and n, are the indices of
refraction of the media to the rignt and left, respectively; R and R; are the
radii of curvature of the left and right surfaces, respectively. Figure D-3is
a schematic of the spherical-shell lens in which the left-hand medium is
water (n, = 1.333), and the right-hand medium isair (ny = 1). The

radii, Rg and R;, are both positive since the center of curvature is 10 the
right of the lens.

Figure D-3. Schematic of spherical window’s lens optics.

* The section on calculation of spherical window magnification was writien by
A% R. D. Hitchcock, NCEL.

** A lens s considered “thin™ if its thickness is small compered 106 its foca! lengih.

*** This forrrula applies strictly 1o paraxial rays (i.e., rays at an angle, ¥o-With the
optic axis where sin 7, = 7, ) for v > 7, the results are sufficienily accurate
for purposes of this analysis.
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Because Ry > R; and ny > ny, the focal iength, f, is negative for
n, = 1; i.e., the spherical shell is a diverging lens. Thus, for any positive*
objer* distance (s), the erect image distance (s') must be negative” as
shown by the relation

1 1 1
f_s+s' (2

With the object in the.medium to the left of the lens (i.e., in the
water), the lateral magnification of the system of Figure D-3 is comguted
as follows:

lateral magnification of spherical shell

e

lateral magnification of eye, with virtual
image acting as real object

3
]

3
N
|

(4)

d-s

where s, is the image distance of the eye and is constant.** Hence, the lateral
magnification M of the system is

- o - (2)(5)2)

Substituting the expressions for s’ as obtained from Equation 2, we get

M = (5)

* By convention, s is positive if the object is to the left of the lens; s’ is positive if the
image is to the right of the lens, a n~gative s means a virtual image.

** The focal length of the eye is changed involuntarily; and it is the image distance
which must be considered in computing late. al magnification.
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For the case of a plane window, f =, and

s n,
Moo = s+ d t:‘ (6)

Dividing Equation 5 by Equation 6 and noting what f < O for this problem
gives the relative magnification

+ d
M, = —— (7)

<—I-f_l_> + (s+d)

Equation 7 is plotted in Figures D-4 through D-6 as a function of object
distance, s.

Equation 7 shows that as d varies from zero to «, M, varies from
unity to f/(s + 1fl) monotonically. The relative magnification,* M_, is the
ratio of the lateral dimension of an object as seen through the lens to that
of the object when the lens is replaced by a plane window of same thickness
and materi-',

When one studies briefly Figures D-4 through D-6, several phenomena
become apparent. |t becomes obvious that the relative magnification of the
spherical window is always less than 1 when the observer is either at the
center of curvature or further back of it. The decrease of the object image
varies with the shell thickness, the distance of the observer from the window’s
low-pressure surface, the distance of the object from lens, and the radius of
sphericity of the window. Scaling the window dimensions, i.e., changing Ry
and R, such that Ry/R; = constant, will change the relative magnification for
agivensand d. Increasing the radii causes the spherical shell to approach a
plane window and hence, M, to approach unity, decreasing the radii causes
M, to approach zero.

In general it appears that the size of image of an object in water
viewed through a spherical window is minimized when the object is far
from the high-pressure face, the viewer is far back from the low-pressure
face, the radius of window curvature is short, and the thickness of the win-
dow is considerable. The size of image is maximized when the object in
water is close to the high-pressure face of window, the observer in the
submersible is close to the low-pressure face of the window, the ra "ius

* The true magnification is (no/ng) M, this is the well-kriown feature of underwater
optics, namely, a submerged object is enlarged in proportion to the refractive-index
ratio for paraxial observation through a plane surface.
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Figure D-4. Apparent magnification of objects in water viewed through
acrylic spherical windows with internal curvature of 7 ¢cm.
1.0 I
/— RO = 14,6 cm
- - d
—— " +
e — N ~R_ = 19.1¢cm
— ? g
\\‘Q\—N_
\\
\ \\‘
— p
M. = Lateral dimension of object seen through spherical shell
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s 050 4 —
Ny = 1.333 water air
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0.25 . ) —t
0 20 40 60 80 100
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Figure D-5. Apparent magnification of objects in water viewed through
acrylic spherical windows with internal curvature of 14 cm.
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Figure D-6. Apparent magnification of objects in air viewed through
acrylic spherical windows.

of window curvature is large, and the window is thin. In general though, so
long as the object viewed in water is more than two R; radii away from the
window, the observer is within one R; radius of the window, and the thick-
ness of the window is less than one-half of R;, the objects will appear erect
and approximately 20% smaller than they actually are; this decrease in
magnitude will remain relatively constant even if the object moves further
away from the window during observation.

The Figures D-4 and D-5, besides graphically depicting the magnifica-
tion of spherical windows with R; equal to 7 or 14 ¢cm, can be also used to
predict the magnification of spherical windows with different R;,—so long
as proper scaling procedures are obsen ed. The basis of the scaling proce-
dure in this case i3 the division of all dimensional variables appearing on the
graphs by the R; for which the curves are plotted, so that they become
Ro/R;. d/R; and s/R;. Once this is done the magnification of the spherical
windows can be predicted. Thus, for example, the magnification of a
spherical window with R; = 28 cm and R, = 38.2 cm at s = 56 cm and
d = 28 cm is the same as for the spherical window (Figures D-4 and D-5)
with R; =7 cm, Ry = 9.54 cm, s = 14 cm and d = 7 cm because the Ry/R;,
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s/R; and d/R; ratios ars in both cases the same.* Because the data calculated
for R; =7 cm and R; = 14 cm can be scaled, the plotted magnification values
on Figures D-4 and D-5 will be found to be very helpful in any design
feasibility studies involving spherical windows for submersibles.

For those applications where spherical windows may be utilized for
separating a pressurized air environment from a nonpressurized one, as in
the case of decompression chambers, the magnification of spherical windows
has been calculated with air being in contact with the low- and high-pressure
faces of the windows (Figure D-6). Comparison of object magnification
when air is on both sides of window, versus magnification when the high-
pressure face is wetted by water shows that the presence of water makes
the erect image of the object appear to be smaller than when water is
absent,

* This can be seen by dividing numerator and denomingie~ of the right side of Equation 7
by R;. The resultis: M, = constant, provided Rg/R,. s/R;, and d/R; are constant.
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Appendix E

SCALING OF SPHERICAL SHELL ACRYLIC WINDOWS

OBJECTIVE

Model windows with R; of 2.750 inches were used in the primary
investigation for economy and pecause small pressure vesseis capable of
hydrostatically testing such specimens to destruction were available.
Theoretical considerations based on known laws of structural mechanics
indicated that the test results generated with model windows are applicable
either directly or indirectly with the help of a scaling factor to full-scale
spherical windows. It remained to prove experimentally that the theoret-
ical considerations on which this premise rested were valid for spherical
windows of viscoelastic material.

TEST SPECIMENS

The validation of the experimental data generated with model
windows for applicability to large-scale windows was conducted with two
separate series of full-scale windows (Table E-1). For the first series of
windows an internal radius of 6.200 inches and spherical sector angle ()
of 60 degrees were chosen. These dimensions permitted the fabrication
of the whole window series by machining 4-inch-thick commercially
available grade "G" Plexiglas plate. Since the model windows were
machined also from 4-inch-thick Plexiglas plate, the additional variable
of a different window fabrication method would not be introduced. For
the second series of full-scale windows (Figure E-1) an external radius of
33 inches and spherical sector angle of 72 degrees was chosen. The choice
of that particular spherical radius and spherical sector angle was based on
two factors: availability of a vacuum mold with 33-inch radius of curva-
ture and the 48 x 48-inch size of the largest commercially available acrylic
plates of 2.5- and 4-inch thickness from which the molding blanks could
be cut. Because of these two limitations the largest spherical sector angle
that could be specified was 72 degrees. Since the thickest available acrylic
plate is only 4 inches thick, the t/R; ratios and thus critical pressures of
these windows are relatively low. Their importance, however, does not
lie in the magnitude of their critical pressure but in the fact that they
were molded, rather than machined from a casting, and that they repre
sent the maximum size spherical window that can be built today from
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Table E-1. Specifications for Full-Scale Spherical Acrylic Window Test Specimens

Internal Spherical .
Spherical Sector Low-Pressure- Nominal
. Face Diameter, D; | Thickness,t | t/R; Ratio | t/D; Ratio
Radius, R; | Angle, a (in) ! (in) ! !
{in.) (deg) ) )
0.564 0.091 0.001
1.127 0.182 0.182
6.200 60 6.200 1.690 0.273 0.273
2.254 0.364 0.364
2.710 0.436 0.436
30.500* 72 35.868 2.500 0.082 0.069
29.000* 72 34.075 4.000 0.138 0.117
* R, = 33in.
Bay
b3
-

Figure E-1. Largest acrylic spherical window tested at NCEL; R, = 33 inches,

snherical sector angle = 72 dearees, t = 2.6 inches
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off-the-shelf commercial acrylic plate stock. Because these windows were
formed in a mold with 33-inch curvature, the external radius is the same
regardless wnether the thickness is 4 or 2.5 inches. For this reason thesz
windows are referred to by their R, rather than R; as is the case for
machinecd windows whose R; was held constant, while R varied depend-
ing on their thickness.

TEST ARRANGEMENT AND TESTING

The full-scale spherical acrylic windows were tested in steel flanges
(Figures E-2, E-3, and E-4) similar in design to the flanges used in testing the
model windows, This meant that the window seat in the flanges (Figures E-2
and E-4) was made sufficiently wide to previde the same measure of support
to the sliding edge of the full-scale window as was provided in the model
flanges for the model windows. The pressurization of windows with R; =
6.200 inches took place in the same pressure vessel as the implosion testing
of model windows, while the very large windows with R, = 33 inches were
tested in the 72-inch-ID pressure vessel. The test arrangement for the
33-inch-R, windows differed considerably from the one used for the
2.750-inch-R; and 6.200-irich-R; windows. Where in the tests of the smatler
windows only one opening in the flange was closed with a spherical acrylic
shell, in the test arrangement for the 33-inch-R, windows both openings in
the flange were closed with spherical acrylic shells (Figure E-B). The
drawback of this arrangement was that although two windows were simul-
taneously exposed to the hydrostatic pressure, the implosion pressure of a
single window only would be available for the study, as both windows
would not implode simultaneously. The advantage of this test arrangement
that considerably overshadowed this drawback was that only a very light
and inexpensive flange was required for the test. If a standard flange were
used in which one opening is closed by the window while the other is closed
by a steel bulkhead, the weight of the flange would be several thousand
pounds heavier, and the flange would be at least twice as expensive.

One 33-inch-R, window was instrumented with electric resistance
strain gages (Figures E-6 and E-7) prior to implosion testing. The instru-
mentation leads were fed from the interior of the vessel to the readout
and recording system by a rigid pipe that at the same time supported the
whole window test assembly (Figure E-8). Since the catastrophic implo-
sion of a large window inside the pressure chamber generates undesirable
dynamic pressure loading on the vessel, steps were taken to minimize the
magni tude oi ihe dynamic pressure peak. |his was accomplished by filling
the space between the two windows with water vented to the exterior of
the pressure vessel (Figure E-9). Thus, although the interior of the window
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Figure E-2.

Flange for testing spherical acrylic windows with R, of 33 inches
and 72-degree spherical sector angle.
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9.395 in.
9.355 in.

7.260 in. ]
7.240 in. I
1

four 1/4-NC-20x

i
NVSAT

4.960 in.
4.940 in.

1501 in.

0.959 in.

N\ N\

—_— 4.0£0.062 in.

10.00 in.

four 1/4-NC-20x
3/4, 90° apart

&

\.

32
3.500 in.

60°15’

4 Y

Figure E-3. Dimensions of flange for testing windows with R; of
6.200 inches and 60-degree spherical sector angle.

test assembly was exposed to atmospheric pressure, an air-filled cavity was
not present into which the v.ater could surge upon implosion and generate
a high dynamic pressure peak. In addition to n.’.gating the magnitude of
shock wave, filling the test assembly interior with fluid permitted measure-
ment of window displacement under hydrosts.ic loading. As the windows
were deformed by hydrostatic pressure they displaced the fluid from the
flange cavity through the vent pipe, which traversed the flange pipe hanger,
to the exterior of the pressure vessel, where the volume of the fluid was
measured. Upon implosion of one of the windows in the flange assembly,
the water in its interior was ejected through the vent pipe and guided
harmiessly to the exterior of the building by means of a duct that
extended from the end closure on the pressure vessel to a vent in the

roof (Figures E-8, £-9. and E-10). The windows were pressurized at a
650-psi/minute rate with tap water in the 68°F-t0-70°F range. The pres-
sure was raised at that rate unul failure of the window occurred by implosion.
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Figure E-6. Placement of electrical resistance strain gages on the
spherical window with R, = 33 inches.

TEST RESULTS
Window's With R; = 6.200 Inches

Critical pressures of the full-scale windows with R; = 6.2C0 inches
were not identical but were close to pressures of medel windows with R; =
2.750 inches. The difference in critical pressure was in the 0%-t0-20% range,
the large windows generally failing at slightly lower pressures than the model
windows (Figures E-11 and E-12). The difference in critical pressures is large
enough to be significant, but not large enough to make the data generated
with model windows inapplicable for prediction of szfe operational nressures
for large windows. No single proven explanation is available for the small
difference in critical pressures between the model and full-scale windows.
The safest explanation at the present time appears to be that the difference
in critical pressures is caused by a combination of ordinary factors like
minute differences in material properties, machining tolerances, flange
seat finish, rigidity of window flanges, larger number of fiaws in a large
window than in a small window, a higher temperature rise in the window
during pressurization because of disproportionate increase in mass of
material versus heat transfer surface and others,




38.795 in. >

2D in. Coan

budd gag2s type ECE-NYD-RIY

Figure £-7. Location of gages on the low-pressure face of the
window with R, = 33 inches.
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Figure E-8. Schematic of test assembly for very large spherical
windows in the 72-inch-diameter pressure vessel.

74

LS 77




to vent in roof §
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} water flow indicates change §
in window displacement

Figure E-O. Christmas tree for the ejection of fluid from the interior
of the very large window test assembly inside the 72-inch-
diameter pressure vessel,
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Critical Pressure (psi x 105)

32 T T T T T
Material — Grade G Plexiglas
Thickness tolerance — *0.010in.
2 Angle tolerance ~ +15 minutes —
Water temperature - 70%F
Rate of pressurization — 650 psi/min
24
20
16 } failure region of windows
with R; = 2750 in, l
N \ . : .
12 N\ failure region of windows
) with R; = 6.200 in.
8 !
average of 5 windows with ~— T scatter of data
R; = 2.750in. _II_for 5 windows
4
@ critical pressure of a single window with R; = 6.200 in.
0 | | | 1 l |
0 0.2 0.4 0.6 0.8 1.0
t/Di
Figure E-11, Critical pressures of model windows with R; = 2,750 inches and
large windows with R; = 6.200 inches under short-term hydro-
static loading as a function of t/D; ratio.
i
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Figure E-10. Duct for the guidance of ejected water from the Christmas
tree on the vessel to the vent in the roof.




32
I 1 I | |
Material ~ Grade G Plexiglas
Thickness tolerance  — £0.010 in. é
8L Angle tolerance ~ *15 minutes
Water temperature - 70%
Rate of pressurization — 650 psi/min
24|. Spherical angle - 60°
e
e
x 20
g \
® failure regiorf of windows with — = failure region of
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a R; = 6.200 in,
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4 I i | |
e critical pressure of a single window with R; = 6.200 in.
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Figure E-12, Critical pressures of model windows with R; = 2.750 inches and
large windows with R; = 6.200 inches under short-term hydro-
static loading as a function of t/R; ratio.

Considerable trouble was experienced in getting reliable values for
the critical pressure of 6.200-inch-R; windows with t/R;=0.091. Several
windows with these dimensions failed at pressures 50% or lower than the
critical pressure of model windows with a = 60 degrees and t/R; = 0.091.
Subsequent observation of windows that failed at unexpectedly low pres-
sures disclosed that these failures were caused by uneven sliding of the
window in the flange; this resulted in severe damage to the beveled edge
of the window at one location on its circumference. Very little fracturing
took place in those cases, and then it was limited to a single location on
the window’s circumference. The data resulting from these failures was
not plotted, as it represented a special set of circumstances not represen-
tative of window strength for that t/R;. However, it was concluded from
these failures that for 60-degree windows with small t/R; ratios, mechanical
restraints are needed against the edge of high-pressure face to keep the
window from tilting during the initial stages of hydrostatic pressurization.

The axial displacement of the center point on the window’s
low-pressure face was measured on all large spherical windows with
R; = 6.200 inches. The displacements were much larger than for model
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windows (Figure E-13), but as in model windows the magnitude of
displacement of large windows varied with t/R; ratio and hydrostatic
pressure level. In order to compare the displacements of the large win-
dows with the displacements of the moder windows, they were scaled
down by multiplying the displacements with a scaling ratio consisting
of the large and model window diameters (2.750 inches/6.200 inches).
When the scaled-down displacements of the large windows were plotted
together with the displacements of the model windows on the same
coordinates it was found that they were basically the same (Figure E-14).
This serves as an effective support to the postulate that the strain data
generated by testing model windows is applicable to full-scale windows
so long as the applicable linear scaling factor is applied.

24 I T T
each curve is the average value
of three window specimens
[ t/R; = 0.436
o /
o e
’_‘ 16 / / t/Ri = 0.364
8 /
£ / Material — Grade G Plexiglas |
) Thickness tolerance — +0.010 in.
& LU/R; = _0-273 Angle tolerance ~ *15 minutes
E] / / 60° Water temperature — 70 % 2°F
= 8 4 \( t»/ T Pressurization rate  — 650 * 100 psi/min |
© // Spherical radius (R;) — 6.200 in.
)
tR; = 0182 [l—=sll-4.050n.
/R; = 0.001 | I l 6.20 i"l'
o]
0 0.4 0.8 1.2 1.6

Axial Displacement {in.)

Figure E-13, Axial displacement of 60-degree spherical acrylic windows with
R; = 6.200 inches under short-term hydrostatic loading.

Windows With R = 33 Inches

Pressures at which the very large windows failed varied from one
specimen to another for the same t/ R; ratio, depending on the magnitude
of restraining force exerted by the retaining clips on the edge of the high-
pressure face. Thus, the first window with a t/R; of 0.082 tested to

2.0




implosion under short-term pressurization failed at 765 psi. The window was
fractured only locally around a section of its circumference, and the retaining
clips in that area were bent outwards by the edge of the window moving out
of the flange (Figure E-15). The retaining clips were of 6061-T6 aluminum
and had only a 0.25-in.2 cross section that could be bent rather readily.
When the aluminum clips were replaced with substantially stronger steel

clips of 1-inch cross section the following window of t/R; = 0.082 failed

at 1,650 psi. This implosion pressure corresponded rather well with implo-
sion pressures of model windows having the same t/R; ratio and temperature
range.

/
24

P
=

-

/
’/
; t/Ri = 0.364

e Material — Grade G Plexiglas -

/// Thickness tolerance—~ +0.010 in.
/ 72 Angle tolerance  — #15 minutes
y. " UR; = 0.273_ water temperature — 70 = 2°F |
/ // Pressurization rate — 650 :* 100 psi/min
/' Spherical angle  — 60°

| | | I
t/R; = 0.182 ! l . ! I
/ ! R; = 2.750-in. windows (average of
actual displacements}

>
\
\\
\
i\

Critical Pressure (psi x 103)

1/

N
N

—— — R; = 6.200-in. windows {average of
t/R; = 0.091 actual displacements x 2.750/6.200)
[ | | | | | |

0.2 0.4 0.6 0.8 1.0
Axial Displacement {in.)

z
0
0

Figure E-14, Comparison of axial displacements measured on model and
full-scale spherical acrylic windows under short-term hydro-
static loading.

The same problem preocnted itself during the testing ot the very large
windows with t/R; = 0.138. Although this window was held in place by the
improved steel retaining clips, it also became unstable during the test in the
flange and bent the clips locally outwards. This occurred at 1,780 psi. Since
there were no more windows available for testing, no further work was done
to increase the strength of retaining clips or to replace them by a substantial
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retaining ring. There is no doubt that the implosion strength of the very
large windows with t/R; = 0.138 is probably 40% to 50% higher than
1,780 psi. This conclusion is based on the following observations:

1. The failed window with t/R; = 0.138 exhibited the same highly localized
fracture as the very large window with t/R; = 0.082 that failed prematurely
by becoming statically unstable in the flange.

2. The retaining steel clips on the flange were in one location bent outwards,
and this location corresponds to the location of the fracture on the circum-
ference of the window.

3. The other window with t/R; = 0.138 that was subjected to 1,780 psi when
tested in pair with the failed window in the same flange exhibited none of
the cracks or crazing which generally appear when a window has been pres-
surized in excess of 60% of its implosion pressure.

The strains (Figure E-16) measured on the window with t/R; = 0.082
are linear and fairly uniform to at least the 765-psi pressure level under short-
term hydrostatic loading. It is not known at what pressure loading the strains
become nonlinear prior to failure at 1,550 psi. The test was terminated pre-
maturely by the failure of retaining clips on the other window in the flange;
this severely damaged the instrumentation on this window and thus no strain
data were generated during the subsequent tests.

The stresses {Figure E-17) calculated on the basis of these strains were
found to be linear and of moderate magnitude in the 0-t0-765-psi pressure
range. On the basis of these stresses it appears that the window with R, =
33 inches and t/R, = 0.082 is probably safe for long-term submersion to
600 feet depth. By the same token the t/R; = 0.138 window is probably
safe 10 a depth of 1,000 feet if proper retaining rings are used to hold the
window in the flange. Before, however, these very large windows are employed
in actual manned installations they should be subjected to long-term tests so
that their hfe at these depths can be accurately determined.

The displacement of the water (Figure E-18) from the interior of the
flange enclosed by the two spherical windows with t/R; = 0.082 was linear
with pressure until a very short time before the failure of one of the windows
occurred prematurely at 765 psi. The initial linearity of the displacement
followed by the distinct nonlinearity prior to failure of one of the windows
in the flange can serve in this type of window test as a warning system, which
if heeded will permit termination of the hydrostatic test short of actual win-
dow failure. Although similar nonlinearity could have been observed if the
failed window was instrumented with strain gages, the hydrostatic displacement
indicator requires no prior instrumentation, or rapid strain-balancing and
printout system.
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Figure E-15. Irregular failure of the spherical window with R, = 33 inches and
t = 2.5 inches resulted in some of the retaining clips being bent
outwards, indicating that window cocked in flange before implosion.
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Figure E-16. Maximum principal compressive strains on the low-pressure face of
the spherical acrylic window with R = 33 inches, t = 2.5 inches,
and =72 degrees.
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Figure E-17. Maximum principal compressive stresses on the low-pressure face of
the spherical acrylic window with R, = 33 inches, t = 2.5 inches, and

o= 72 degrees.
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Figure E-18. Change in displacement of the voiume enclosed by two spherical
acrylic windows of R, = 33 inches and t = 2.5 inches as shown in
Figure E-8.
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When the displacement of water is converted analytically into axial
displacement of the window it appears that the axial displacement of the
very large window is approximately what the scaled-up axial displacements
of model windows would predict it to be (Figure E-19).

SUMMARY

Testing of two sizes of full-scale windows with R; = 6.200 and
R, = 33 inches, respectively, has shown that the strains and implosion
pressure of model windows with R; = 2.750 inches can serve as a fair basis
for predicting the strains and failure pressures of full-scale windows—
providing that both the full-scale and the model windows fail in a regular,
rather than irregular manner. It was unfortunate that some of the very
large windows with R, = 33 inches tested to implosion failed irregularly
by becoming unstable in the flange at a very low pressure level and thus
made it impossible to compare the implosion pressure of some of the very
large windows with that of model windows,
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The tendency of the low-t/R;-ratio windows in the 60-to-72-degree
spherical angle range to become statically unstable in the flange at pressures
considerably lower than those at which regular implosion occurs presents a
problem to the designer who must design the retaining ring for the window
of such dimensions that it restrains the window from nonuniform displace-
ment in the flange. As has been shown conclusively with the window of
33-inch R, and t/R; = 0.082, the uneven displacement of the window in
the flange can be prevented with retaining clips or a ring of adequate strength,
thus improving the performance of the window.

8co /-
| /
| linearly scaled-up displacement of /
60° spherical window with t/R; = /
0.091 (from Figure 43) ——___ //
600 / L
= 4 /
K / /“—displacement of spherical window
% // with t/R; = 0.082and & = 72°
e 400
£ /
/
5 7
200 // Temperature — 18°-20°C
,
0
0 0.1 0.2 0.3 0.4 0.5

Axial Displacement (in.)

Figure E-19. Axial displacement of window with R, = 33 inches, t = 2.5 inches,
and &= 72 degrees. (Calculated on the basis of displaced water
shown in Figure E-18.)
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Appendix F

EFFECT OF STRESS RAISERS ON THE CRITICAL PRESSURE
OF SPHERICAL SHELL ACRYLIC WINDOWS

N

" All of the windows tested in the primary study had a 3% or better
oarface finish that eliminated most surface stress raisers. Because of this
smooth finish, the experimentally established relationships between critical
pressure and t/D; or t/R; ratios were not influenced by the effect of surface
stress raisers. So long as the testing of spherical acrylic windows takes place
in laboratory environment, very little danger exists that careless handling of
the test specimens will result in the creation of surface stress raisers due to
impact of the window against scme fixed object. A different picture pre-
sents itself when spherical acrylic windows are incorporated into the hull
of a submersible, or fixed ocean bottom habitat. There they are exposed
to impacts by other objects during launching or docking operations that
may deeply scratch the window's high-pressure face. 1f such scratches or
gouges are extremely detrimental to the strength of the window, transparent
shields will have to be installed to protect the windows against such damage
to prevent the window from imploding during the subsequent dive. On the
other hand, if moderately deep scratches or gouges do not markedly lower
the critical pressure of the window during the first subsequent dive, such
shields may be omitted for the sake of improved light transmissibility and
decreased structural bulk.

To determine the effect of surface stress raisers on the critical pressure

of a spherical acrylic window conclusively and exhaustively would require a
long test program in which all the variables would be singly and jointly eval-
uated. Neither funding nor manpower was available for such an evaluation
at the time the primary study was conducted. However, 1o obtain at least
some insight into the problem presented by surface stress raisers, several
exploratory tests were conducted.

The exploratory study was conducted with six windows of only a
single t/R; ratio and spherical sector angle. The t/R; ratio chosen was
0.182 with 150-degree spherical sector angle. In order to generate as much
data as possible frorm the limited number of specimens, each window was
fabricated to have a stress raiser in a different location on the window sur-
face. In this manner at least a qualitative conclusion could be reached that
would show which location on the spherical window is most sensitive to
the presence of stress raisers. Since the exterior of the window is more
exposed to impacts during launching or docking operations, and thus has
the greater probability of being scratched, it was selected as the surface
in which to generate stress raisers for five test specimens. Only one speci-
men had the stress raiser placed on its interior surface.
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The stress raisers consisted either of grooves, or of partially drilled
holes. The drilled holes were used on two specimens only. In one specimen,
the 0.062-inch-diameter x 0.U52-inch-deep hole was in the center of the
high-pressure face, while in the other specimen, it was in the center of the
low-pressure face. Each of the other four specimens had a stress raiser con-
sisting of one 0.062-inch-wide x 0.062-inch-deep circular groove with
square cross section (Figure F-1). The grooves were machined in the
window surface as circumferential bands located at different elevations.
(Figures F-2 and F-3). Since the grooves were circular, continuous, and
had a square cross section with sharp 90-degree corners, a8 maximized
stress-raiser effecl was generated.

Testing the spherical windows with stress raisers was performed in
window flanges. The test methods were identical to those used in testing
the windows without stress raisers described in the main body of the report.
No measurement of axial displacement or sliding displacement on the tlange
seat was taken. Only the critical pressure was measured and subsequently
compared 1o the critical pressures of windows without stress concentrations.
When the critical pressures of windows with stress raisers (Table £-1) and
their mode of failure were compared to the critical pressures and modes of
failure for windows without stress raisers, several tentative conclusions
appear to be supported by experimental data.

1t appears that the presence of very severe stress raisers on the
high-pressure face does not decrease the short-term critical pressure of the
spherical acrylic window, regardless of where the stress raiser may be
located. This is borne out by the fact that the critical pressures of window
specimen with stress raisers at different locations on the high-pressure face
are not only all approximately the same, but also equal to critical pressures
of simifar spherical windows without stress raisers tested previously in the
program. This would seem to indicate that if a scratch or gouge is put
accidentally into the high-pressure face of the spherical window during
launching ana is not noticed prior to the dive no danger to the crew exists,
as the window will not fail during that dive to the submarine’s onerational
depth. When the submarine returns from the dive and the gouge is detected
during dockside inspection of the submarine then the window can be
replacéd with a new one if the severity of the crack warrants it. How
severe a scratch or gouge it must be before it had deleterious efiect on
the cyclic pressure life of the window is unknown, as no experiments,
even of exploratory nature, have been conducted.
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Figure F-1. Typical circular groove machined in high-pressure face of
spherical windovs.

Figure F-2. Spherical windows with machined stress raisers before
implosion testing.
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Table F-1. Comparison of Critical Pressures of Spherical Acrylic
Windows With and Without Stress Raisers

(t/R; = 0.182 and spherical sector angle = 160 degrees.)

Nominal Internal
Thickness Spherical | Temperature, | Pressurization Critical
Specimen ¢ ’ Radius, T Rate Pressure, p,
. R: (°F) {psi/min) {psi)
(in.) !
(in.)
Windows Without Stress Raisers
106 0.505 2.751 70 632 7,400
107 0.495 2.751 70 669 7.250
108 0.500 2.750 71 670 7,300
109 0.496 2.748 71 670 7,250
110 0.510 2.750 71 681 7,600
Windows With Stress Raisers

A 0.500 2.751 69.5 671 7,520
B 0.448 2.750 69.5 665 7,250
C 0.445 2.750 71.1 668 7,200
D 0.448 2.749 71.1 667 7,325
E 0.448 2.751 71.5 662 7,100
F 0.502 2.750 71 670 7,460

Since only a single window specimen was tested with a stress raiser
on the low-pressure face, the conclusions reached are much more tentative
than was the case for windows with stress raisers on the high-pressure face.
The conclusion, based on the fact that the single window specimen with a
stress raiser in the center of the low-pressure face failed in the same pressure
range as windows without stress raisers, is that a stress raiser on the interior
of a sphc-"~al window is not detrimental to its strength.

= .ew of the fact that all the above-mentioned exploratory tests
with sti - . raisers have been conducted with spherical windows of one t/R;
ratio and spherical sector angle the conclusions reached apply directly only
tc that ratio and spherical sector angle. Still, it can be postulated with a
fair degree of confidence that spherical windows with other t/R,; ratios and
spherical sector angles will also be found quite insensitive to stress raisers
in single-cycle service to operational depth because the compressive stresses
in the window do not permit cracks to originate at the raisers.
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All of the windows with stress raisers disintegrated into very small
fragments upon implosion, and therefore no statements can be made on the
mode of failure. It can be postulated, however, that since the windows with
stress raisers failed at the same pressure as those without stress raisers their
mode of failure was the same. The discussion of failure mode observed on
windows without stress raisers can be found in the main body of the report.
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Appendix G

DISPLACEMENTS OF SPHERICAL SHELL WINDOWS
UNDER LONG-TERM LOADING

Observations were made of time-dependent axial and sliding
displacements of 26 model spherical shell windows under sustained
hydrostatic pressure of 15-minute duration (Table G-1). This technically
constitutes a long-term loading, even though of very short duration, as
distinct from the short-term loading used throughout the inivestigation
that is the main subject of this report. On the basis of these exploratory
tests, some insights were gained into the behavior of spherical windows
under long-term loading. The data in Appendix G on long-term loading
of spherical windows represents results from individual test specimens
for each distinct combination of variables only rather than the average
of five specimens as was the case in the main investigation. Therefore,
considerable scatter exists between the plotted curves, as local flattening
of the window may occur off center radically changing the magnitude of
measured displacements. Only general trends and magnitudes of displace-
ment can be tentatively established from the observed behavior of the
individual test specimens.

All of the windows, regardless of their t/R; ratio or spherical sector
angle, experienced time-dependent axial and sliding displacements (Figures
G-1 through G-11). When the axial displacements of windows with the
same t/R; ratio and under identical pressure loading were compared to
each other (Figures G-1 through G-6), it was found that the magnitude of
time-dependent axial displacement varied with the spherical sector angle.
The largest time-dependent axial displacements were found in windows
with 180-degree spherical sector angles, while the smallest ones were noted
in 30-degree spherical sector wirdows,

The major change in time-dependent axial displacement was observed
in the 30-t0-90-degree spherical sector range, while the least change took
place in the 90-t0-180-degree range. Since the pressure levels at which the
long-term tests were conducted were rather high, genzrating compressive
stresses in 12,000-t0-20,000-psi range, they resulted in high magnitudes of
time-dependent axial displacement. Because the same magnitude of pres-
sure was applied to all windows of the same thickness and spherical radius
R; but different spherical sector angles, it meant that each of the windows
with t/R; > 0.182 was loaded to a different percentage of its short-term
critical pressure. Thus, while the 90-, 120-, 150-, and 180-degree spherical
sector windows with t/D; > 0.182 were loaded to approximately 75% of
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short-term critical pressure, the 60-degree windows were loaded to only 55%
and the 30-degree to 25%. For the windows with t/R; < 0.182, the long-
term pressure was approximately 75% of their short-term pressure, regardless
of wi:at their individual spherical sector angles may have been.

Tabte G-1. Pressures to Which Windows Were Subjected Under
Long-Term Loading

(R; = 2.750, water temperature = 68°F to 70°F, pressurization
rate = 650 psi/min, duration = 15 minutes.)

Shell Percent of Critical Pressure (p.)*
. Applied at Sector Angle of— Maximum Pressurization
Thickness (psi)
n) 1 50| 00 | 000 | 120° | 150° | 180°
_____ % pc -— o e
0.250 60 85"r 70 65 63 67 2,000
0.500 50 | 73 80 76 75 75 5,500
0.750 25 | 61 76 78 74 71 8,500
1.000 i 56 72 77 75 73 11,500
1.200 - 50 71 - - - 14,500

* p. = average short-term critical pressure of windows.
T Specimen failed while under sustained pressure loading.
¥ Unknown, but definitely less than 30,

Some additional observations have been made, keeping in mind that
although the long-term pressure applied to a group of windows with same
t/R; ratio but different spherical sector angles is the same, it does not
necessarily constitute the same percentage of their short-term critical pres-
sure. |t appears that when the windows are subjected to long-term constant
hydrostatic pressure equal to 75% of short-term pressure, the rate of time-
dependent axial displacement during the first 15 minutes of constant
pressure application is so high that in all probability the window would
fail in less than 100 hours. When the long-term pressure tests of the win-
dows are run at approximately 50% of short-term critical pressure, the rate
of time-dependent axial displacement would seem to indicate that probably
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the windows will implode only after more than 1,000 hours of loading. It
is only when the windows are subjected to long-term loadings of less than
25% of short-term critical pressure that the rate of time-dependent axial
displacement decreases 10 a level at which in all probability the windows
would not implode in less than 10,000 hours. 1t appears that when the
windows are loaded to 25% of their short-term critical pressure they will
safely withstand long-term pressure loadings. However, it is not prudent
at the present time to use a full-scale spherical window in an application
where it will be subjected to long-term pressure loading equal to 25% of
its short-term critical pressure without evaluating the prototype of such

a window under long-term loading conditions similar to those to be
encountered in actual service. The exploratory long-term data of
Appendix G and the short-term data in the main body of the report can
serve at the present time only as the basis for selection of the prototype
window dimensions on the basis of a conversion factor of 12. When in
the future long-term pressurization studies of 1,000-hour duration are
conducted with spherical windows, the need for testing each prototype
window designed with a conversion factor less than 12 will be eliminated.
Unti! such studies are completed, prototype service windows must be
tested when a conversion factor of less than 12 based on short-term
critical pressure is used.

The sliding displacement of the spherical windows {Figures G-7
through G-12) under long-term loading was somewhat different from the
axial displacement described before. In the first place, the magnitude of
the sliding displacement was considerably less than the axial displacement
measured on the same window at any particular time during the long-term
pressure loading. Only for the 30-degree spherical sector windows were
the magnitudes approximately the same. Second, the magnitude of sliding
displacement for any given t/R, ratio and pressure was fairly constant for
all spherical sector angles except 150 degrees, for which it was smaller.
The second observation correlates fairly well with the observed phenomenon
that the 150-degree windows have fewer cracks (Figure 26) on their bearing
surface than windows with any other sector angle. (See discussion on
failure modes of windows in the main body of this report.} Ht would
appear then that when the sliding displacement is minimized, so is the
formation of cracks on the bearing surface of the windows. The reduc-
tion of sliding must result, however, from the geometry of window, and
not from bonding of the window’s bearing surfaces to the flange or a
mechanical detent, as otherwise the window would prematurely fail
from elastic instability or local bending stresses.
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Axial displacement of the center point on low-pressure face
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Time-Dependent Axial Displacement (in.)

Figure G-1. Axial displacement of 30-degree spherical acrylic windows under
long-term hydrostatic pressure.
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Figure G-2. Axial displacement of 60-degree spherical acrylic windows under
long-term hydrostatic pressure.
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Angle tolerance — *15 minutes
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Pressurization rate — 650 * 100 psi/min
Spherical radius (R;) — 2.750 in.

Axial displacement of the center point on low-préssure face
is measured along the vertical axis of the flange opening

Long-term pressure is held constant after being raisgd to the
test pressure level at a 650-psi/minute rate in 68°-72°F
temperature range

Each curve represents only one window specimen
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Figure G-3. Axial displacement of 90-degree spherical acrylic window under
long-term hydrostatic pressure.
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Duration of Constant Pressure Level {minutes)

Material — Grade G Plexiglas
Thickness tolerance — £0.010 in.

Angle tolerance — 215 minutes
Water temperature — 70+ 2°F
Pressurization rate — 650 % 100 psi/min
Spherical radius (R;) — 2.750 in.

Axial displacement of the center point on low-pressure face
is measured along the vertical axis of the flange opening

Long-term pressure is held constant after being raised to the
test pressure level at a 650-psi/minute rate in 68°-72°F
temperature range

Each curve represents only one window specimen
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Time-Dependent Axial Displacement (in.)

Figure G-4. Axial displacement of 120-degree spherical acrylic windows under
long-term hydrostatic pressure.
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Thickness tolerance — +0.010 in.

Angle tolerance — %15 minutes
Water temperature — 70 * 2°F
Pressurization rate  — 650 x 100 psi/min
Spherical radius (R;) ~ 2.750 in.

Axial displacement of the center point on low-pressure face
is measured along the vertical axis of the flange opening

Long-term pressure is held constant after being raised to the
test pressure level at a 650-psi/minute rate in 68°-72%
temperature range

Each curve represents only one window specimen
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Figure G-5, Axial displacement of 150-degree spherical acrylic windows under
long-term hydrostatic pressure.
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Material — Grade G Plexiglas
Thickness tolerance — +0.010 in.

Angle tolerance — +15 minutes
Water temperature —~70% 2°F
Pressurization rate  — 650 * 100 psi/min
Spherical radius (R;) — 2.750 in.

Axial displacement of the center point on low-pressure face
is measured along the vertical axis of the flange opening

Long-term pressure is held constant after being raised to the
test pressure level at a 650-psi/minute rate in 68°-72%F
temperature range

Each curve represents only one window specimen
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Figure G-6. Axial displacement of 180-degree spherical acrylic window under
long-term hydrostatic pressure.
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Material — Grade G Plexiglas
Thickness tolerance —+0.010 in.
Angle tolerance = %15 minutes

Water temperature — 70 + 2°F
Pressurization rate — 650 * 100 psi/min
Spherical radius (R;) — 2.750 in.

Sliding Displacement of the windows bearing surface is
measured parallel to the flange bearing surface.

Long-term pressure is held constant after being raised to the
test pressure level at a 650-psi/minute rate in 68°-72°F
temperature range

Each curve represents only one window specimen
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Figure G-7. Sliding displacement of 30-degree spherical acrylic windows under
long-term hydrostatic pressure,
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Duration of Constant Pressure Level (minutes)
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Material — Grade G Plexiglas
Thickness tolerance — £0.010 in.

Angle tolerance — 15 minutes
Water temperature —70% 2°F
Pressurization rate — 650 % 100 psi/min
Spherical radius (R;) — 2.750 in.

Sliding Displacement of the windows bearing surface is
measured paralle! to the flange bearing surface.

Long-term pressure is held constant after being raised to the
test pressure level at 2 650-psi/minute rate in 68°-72°F
temperature range

Each curve reprasents only one window specimen
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Figure G-8. Sliding displacement of 60-degree spherical acrylic windows under

long-term hydrostatic pressure.
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Siiding Displacement of the vandows bearing surface is

measured parallel to the flange bearing surface.

Long-term pressure is held constant after being raised to the
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temperature range

Each curve represents only one window specimen
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Figure G-9. Sliding displacement of 90-degree spherical zcrylic windowa under

lang-term hydrostatic pressure.




Duration of Constant Pressure Level (minutes)
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Sliding Displacement of *he windows bearing surface is
measured parallel to ti« flange bearing surface.

Long-term pressure is held constant after being raised to the
test pressure level at a 650-psi/minute rate in 68°-72°F
temperature range

Each curve represents only one ‘vindow specimen
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Figure G-10. Slidirig displacement of 120-dugree spherical acrylic wincows
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Duration of Constant Pressure Level {minutes)

Material — Grade G Plexiglas
Thickness tolerance — +£0.010 in.

Angle tolerance — 15 minutes
Water temperature — 70+ 2°F
Pressurization rate  — 650 % 100 psi/min
Spherical radius (R;} — 2.750in.

Sliding Displacement of the windows bearing surface is
measured parallel to the flange bearing surface.

Long-term pressure is held constant after being raised to the
test pressure level at a 650-psi/minute rate in 68%.72°F
temperature range

Each curve represents only one window specimen

16

T T T T T
2,000 psi 5,500 psi 11,500 psi 8,500 psi

] /||
L' t/R: = 0.091 / t/R; = 0.364

t/R; = 0.182
YR; = 0.273

10

2
4 /’ L 4770 in.
| - 5.3121n.
0 | | 1
0 0.01 0.02 0.03 0.04 0.05

Time-Dependent Sliding Displacement {in.)

Figure G-11. Sliding displacement of 150-degree spherical acrylic windows
under long-term hydrostatic pressure.
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Duration of Constant Pressure Level {minutes}

16

14

12

10

Material — Grade G Plexiglas
Thickness tolerance — +0.010 in,

Angle tolerance - *15 minutes
Water temperature — 70 % 2°F
Pressurization rate  — 650 % 100 psi/min
Spherical radius (R;) -- 2.750 in,

Sliding Displacement of the windows bearing surface is
measured parallel to the flange bearing surface.

Long-term pressure is held constant after being raised to the
test pressure level at a 650-psi/minute rate in 68°.72°F
temperature range

Each curve represents only one window specimen

Time/Dependent Sliding Displacement (in.)

under long-tes m hydrostatic pressure.
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Figure G-12. Sliding displacement of 180-degree spherical acrylic windows




Appendix H

DESIGN CONSIDERATIONS FOR SPHERICAL
SHELL WINDOW SYSTEMS

WINDOWS
Selection of Dimensions

The bulk of the data and observations generated in the primary
investigation of this study pertains directly only to short-term loading
under hydrostatic pressure. Only a few scattered observations were made
to explore the many variables that must be considered when a spherical
acrylic window is placed into actual service. However, until detailed studies
are made of each variable influencing the performance of a spherical acrylic
window in field service, these few indications must serve together with the
short-term data as a design guide for windows under long-term or cyclic
pressure loadings.

Because long-term sustained pressure and cyclic pressure loadings
induce creep and static or cyclic fatigue cracks in the windows, data gener-
ated primarily with specimens under short-term loading cannot be applied
to these quite different operational conditions without the use of some
conversion factor. The proper magnitude of this conversion factor is not
known at the present time. There are, however, indications that a conver-
sion factor of 4 must be considered as the abso/ute minimum when the
short-term critical pressures are utilized as indicators of what the critical
pressure may be for windows under long-term or cyclic pressure loading.

In practice this means, for example, that the window for long-term or cyclic
pressure service at 2,000 psi must have the thickness required to fail at a
minimum of 8,000 psi under short-term loading. The conversion factc:
chosen by the designer may be higher than 4 but never less. Exploratory
long-term data discussed in Appendix G and data for a single window
cycled at 25% of its short term pressure seem to bear out the postulate
that the minimum value of the conversion factor is approximately 4. The
conversion factor of 4 is not to be considered a safety factor (SF) of 4,
but of 1. If a safety factor is utilized it is then used to multiply the basic
conversion factor of four. Thu., if a safety factor of 3 is desired, the con-
version factor becomes 12, arrived at by multiplying 4 times 3.
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In practice, the designer should choose at least three different
window thicknesses for evaluation as full-scale prototype windows if he
wishes to optimize his window design. The thinnest window would be
chosen to have a conversion factor of 4 (SF of 1), the middle one a factor
of 8 (SF of 2}, and the thickest one a factor of 12 {SF of 3) in relation to
the short-term critical pressure. (Thus, for service at 2,000-psi pressure,
short-term critical pressures of 8,000 psi, 16,000 psi, and 24,000 psi would
be required.) All three prototype windows should be subjected to hydro-
static tests simulating the actual service life of the window. Periodically
the tests should be stopped and the specimen inspected for cracks. After
a test period equivalent to 1 year’s operational life of the window, the test
should be stopped. At that time the final selection of the window should
be made. !f replacement of windows after every year of service is not
considered unduly expensive, a window that exhibits some minor cracking
on its bearing surface after 1 year of simulated service can be chosen. For
applications where a yearly replacement of windows in service is not con-
sidered feasible or economically desirable, only a2 window that exhibits no
cracks on the bearing surface after 1 year of simulated service should be
considered. Although there exists a widely held design philosophy that
windows should have a service life equal to the pressure hull of the sub-
mersible, there are very few practical arguments to support it. The
arguments supporting the design philosophy stating that the operational
life of the window should be 1 year are numerous. The most important
ones are:

1. Testing of full-scale prototype windows for a period equal to the life
of the submersible hull prior to selecting the proper window configuration
is not feasible, as hull life is generally in the 10-to-20-year range.

2. A submersible must be overhauled at least once a year, when most
components of mechanical and hydraulic subsystems which are wetted by
seawater must be replaced. Thus, replacement of windows, if inspection

of their bearing surfaces detects cracks, would involve no additional expense
except the cost of new windows. The cost of new windows (anywhere from
$100 to $1,000 per window depending on diameter and ** "ckness) would be
only a minor part of the tntal cost of overhail, which de, ..iding on the

size of the submarine is in the $50,00-t0-$100,000 range.

3. Selection of windows with adequate thickness to insure an operational
life equal tn the life of 1he 1 ull penalizes tine occupants of the submersible

with inadequate visibility, for in such a case trie windows mu;t be small in
dismeter.
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Experience has shown that in most cases the testing of only
three prototype windows with thicknesses that were chosen on the basis
of conversion factors of 4, 8, and 12 with respect to short-term pressures
is sufficient for the proper choice of window for operational conditions
distinctly different from short-term pressure loading. In those cases where
the window designer cannot subject several windows with different thick-
nesses to at least 1 year of simulated operational pressure loading prior to
selecting the thinnest window that meets his approval, a simplified window
selection procedure is proposed.

The simplified window selection procedure requires that the thick-
ness of the window be selected on the basis of short-term data derated by a
conversion factor of 12 (SF of 3). No pretesting of the window prior to
installation in the submersibie is then required so long as the window is
monolithic and fabricated either by molding or machining of commercially
available flat acrylic plates with mechanical properties equal to grade 'G"
Plexiglas. Since in the simplified window selection process all hydrostatic
tests of the window prior to installation in the submersible have been
dispensed with, lamination of several acrylic plates to generate a thicker
window is not recommended. The strength of laminated windows is known
to vary from one fabricator to another, depending on his experience and
quality control, thus laminated windows must be evaluated prior to each
application for use in submersibles. Since the thickest acrylic pla*2 cur-
rently available as an off-the-shelf item is 4 inches thick, the designer
foliowing the simplified window design procedure is limited to windows
with a thickness of 4 inches or less. If thicker windows are required,
several thin plates can be laminated or the whole window can be machined
from a massive custom casting. In either case, a prototype window should
be then subjected to simulated hydrostatic loading for at least a year prior
to installation in the pressure hull of other windows fabricated in an iden-
tical manner and from identical material. When more is learned about
behavior of laminated windows or custom-cast windows so that meaningful
specifications for their fabrication can be written, the requirement for
testing of a prototype window based on a conversion factor of 12 (SF of
3) will be eliminated.

In addition to selection of the window’s t/D; and t/R; ratios, some
thought must be given to the choice of the spherical angle. Although any
angle is acceptable and will result in a safe window, some angles appear
more advantageous than others. One such angle appears to be 150 degrees.
Spherical windows of that angle were found to exhibit less cracking on
their bearing surfaces than windows with lesser or larger spherical angles
when they were pressurized to a level close to their critical pressure. The

107




180-degree spherical windows appeared to be next in ability to resist
initiation of cracks on their bearing surfaces. In view of this, it is probably
to the designer’s advantage to specify 150- or 180-degree spherical angle
windows wherever this is feasible.

Selection of Window Material

Besides selection of the window dimensions, great care must be
taken in the choice of window material and surface finish. Since all the
data generated in this report is based on grade ““G” Plexiglas cast acrylic
plastic, it is mandatory that prototype full-scale windows chosen for
submersible service be fabricated from acrylic plastic with mechanical
properties equal to, or better than, grade “G" Plexiglas (Table H-1). To
determine the mechanical properties, test specimens should be taken in
at least one place from each acrylic plate serving as material stock for
windows. A sufficient number of test specimens should be taken to pro-
vide at least five for each of the seven distinct destructive material tests.

Table H-1. Properties of Acrylic Plastic* Recommended for
Fabrication of Spherical Windows

Material Properties Magnitude Testing Method

Mechanical

Tensile strength

Flexural strength

Shear strength

Compressive strength

Deformation under load (4,000 psi at
122°F for 24 hours)

Modulus of elasticity in compression

Elongation under tension

Impact strength {Charpy unnotched)

Deflection temperature {3.6°F/min a1 264 psi
on 0.250-inch-thick specimen

Physical

Hardness, Rockwell M
Specific gravity
Refractive index
Luminous transmittance
Haze

9,000 psi minimum
16,000 psi minimum
9,000 psi minimum
16,000 psi minimum

1% maximum

450,000 psi minimum
31t06%
3 ft-Ib minimum

200°F minimum

90 minimum
1.19£ 0,01
1.50%0.01

91% minimum

2% maximum

ASTM D-638-64T
ASTM D-790-66
ASTM D-732-46
ASTM D-695-63T

ASTM D-621-64

ASTM D-695.63T
ASTM D-638-64T
ASTM D-256-56

ASTM D-648-56

ASTM D-792.50
ASTM D-542.50
ASTM D-1003-52(A)
ASTM D-1003-52(A)

¢ Based on the properties of commerciaily available cast acrylic plates and sheets of grade “G"

Plexiglas.




Selection of Fabrication Tolerances

Once the material with mechanical properties equal to grade "'G”’
Plexiglas has been chosen, great care must be taken in the fabrication process
to use such machining speeds and cutting tools that unduly large stresses are
not introduced into the window at that time. The viewing surfaces of the
window must be provided with an optically desirable finish, and the bearing
surface of the window should have a 32-rms finish. Thorough annealing of
the window must follow the machining process.

Although no special studies have been conducted on the influence of
deviation in the spherical sector angie on the behavior of the spherical window,
there are indications that a + 15-minute deviation from the specified sector
angle can be safely tolerated by the window. Sharp edges of the window
should be beveled with a 1/32-inch radius to avoid chipping during shipping
and installation.

Proof-testing of Windows

It is an accepted practice in hydrospace engineering 10 proof-test
every component of hardware that is exposed to hydrostatic pressure. The
testing either takes place on individual components, subassemblies, or com-
plete functional assemblies. Some of the components are subjected to
proof-testing several times—once when they are tested individually prior
1o inclusion into the habitat structure and a second time when the whole
habitat structure is proof-tested.

The megnitude of proof pressure varies widely. 1t is never less than
the maximum forecast operational pressure, but often considerably higher,
in which case it is designated an overpressure proof test. The magnitude of
the overpressure varies from 15% to 100% above operationai pressure. It
is thought that by subjecting the operational hardware to an Overpressure
proof test prior to the submersible’s operation in the ocean, an added
margin of safety for the components can be assured. Although there are
many viewpoints on the subject of proof-test magnitude, they al! concur
on the point that some form of proof-testing is needed. This, of course,
applies also to windows, as they are components of pressure hulls whose
failure would lead to loss of life.

Windows may be proof-tested in a flange subassembly fastened to
the end closure of an internal pressure vessel, or they may be tested when
the complete habitat pressure hull assembly is proof-tested. The latter
approach is more desirable so long as the proof-testing of the whole
assembly takes place in an unmanned mode, inside an internal pressure

109




vessel, where the failure of a window will not result in the loss of life or of
the habitat. This approach to proof-testing is more desirable, because the
flange in which the window is located is subjected to the same hull stresses
and moments that will prevail during the operational life of the window—
flange assembly. Wherever such an approach to proof-testing is not feasible
because of the lack of a pressure vessel sufficiently large to contain the hull
of the habitat, a special jig must be utilized for the testing of windows.
Although it is impossible to build a window test jig in which the flange
undergoes deformations identical to those it will experience in the pressure
hull, the deformation should be as nearly identical as is feasible.

The most important part of window design and subsequent proof-
testing of fabricated windows is the selection of the relationship between the
window's operational pressure, proof pressure, and failure pressure. Since
improper relationship between these three variables may, and in many cases
will, result in permanent damage to the window, it is of great importance to
select a proper relationship between them. In general, the proof pressure
chosen should not be so high as to permanently distort or craze the window
before it actually sees operational service at lower pressure. Whether this
happens or not depends to a large extent on the magnitude of the selected
operational pressure in respect to the pressure at which undesirable deforma-
tion will take place. Because some of the windows for habitats may be
chosen on the basis of this, or other NCEL studies published previously,!-3
some design guidelines may be of help.

If the window dimensions are chosen as recommended on the basis
of short-term data derated by a conversion factor of 12 (SF of 3), the magni-
tude of the proof-test pressure, p,, must fall within the range of p, < p, < p,.
the limits being the operational and critical pressures of the window. Selecting
a proof-test pressure (p,) too close to the operational pressure {p,) results in
a proof test with inadequate overpressure margin; raising the proof-test pres-
sure too close to the critical pressure under short-term loading (p,) will
irreversibly damage the window and thus actually lower the SF of 3 with
which the windows were initially designed.

Because of the danger of irreversible damage, the maximum permissible
magnitude of the proof-test pressure appears to be 1.5 xp,. This magnitude of
proof-test pressure appears to be sufficiently higher than operational pressure
to generate confidence in the adequacy of window to withstand operational
pressure. At the same time the proof-test pressure is not high enough to
permanently damage the window (unless it exceeds 20,000 psi).

When such a proof test is performed, its duration should not exceed
that of a single typical dive which such windows will experience in their
operational life.
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FLANGE
Selection of Flange Dimensions

The most important parameters that must be considered in the flange
design are selection of proper conical angle for bearing surfaces of the flange,
provisions for adequate window bearing surface support, correct machining
tolerances, sealing of the window against external pressure, and secure reten-
tion of the window in the flange.

Any conical angle can be chosen for the window seat in the flange
providing it is identical to the spherical angle chosen for the window. All of
the spherical angles used in this study were found to be acceptable, however,
windows with a 60-degree angle and low t/R; ratios were found to be rather
unstable on their seat in the flange and thus tended to displace unevenly
under application of hydrostatic pressure. |If elaborate precautions were
not taken to place them squarely on the window seat in the flange or to
secure them against uneven displacement by means of a sturdy retaining
ring, they would rock in the flange, and fail at considerably lower pressure
than they are capable of withstanding. For this reason, 60-degree conical
window seat and flange assemblies are not recommended, particularly if
the t/R,; ratio of the window is less than 0.275, unless the window is secured
in the flange with a substantial retaining ring pressing against the high-pressure
surface of the window around its circumference.

The support area of the window bearing surface on the flange must be
large enough to allow for the sliding displacement of the window’s edge.
Since the magnitude of sliding displacement depends on the window dimen-
sions, operational pressure, and duration of loading, the width of the bearing
surface on the flange should be selected accordingly. This is possible, however,
only on the basis of experimental data pertaining to the particular diving
schedule that a particular window will be subjected to.

In the absence of such experimental data the selection of the proper
window dimensions must either follow the criteria established for the DOL
Type IV flange used in the short-term pressurization study or some other
arbitrary dimensioning system.

The main feature of flange dimensioning for the DOL Type IV flange
is that the width of the flange bearing surface is a function of the window’s
internal spherical radius, R;, and low-pressure-face dismeter, D;. The width
of the flange bearing seat used in this study was determined by the relation-
ship D¢ = D; - 0.2 R;. Since the provision made in the DOL Type IV flange
for the support of the window sliding upon the flange seat was more than
adequate for short-term loading of windows to failure, it is considered an
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overconservative design. This design, however, results in the low-pressure
flange opening being considerably smaller than the low-pressure-face diam-
eter of the window, thus restricting the useful size of the porthole.

To avoid undue restriction, whenever possible, a design based on the
actual measured displacement of the prototype window under simulated
operational dive conditions should be utilized as the basis for establishing
the relationship between D, and Dy. Utilizing this kind of approach, the
D¢ would be maximized and the occupants of the submersible would have
the maximum possible view for the given window diameter, D;.

Until exact data becomes available which will optimize the size of
the fiange opening, a flange design less conservative than the DOL Type IV
but still adequate should be adopted. This less conservative flange design
(Figure H-1) will perform weli with windows selected on the basis of short-
term data contained in this report derated by a factor of 12 (SF of 3). This
design requires that D; = 0.9 D;, regardless of what the window curvature or
sector angle may be. If transparent plastic materials other than acrylics
(meeting the specifications of Table H-1) or conversion factors less than 12
(SF of 3) are utilized, the suggested design relationship of D; = 0.9 D; should
not be used.

Selection of Fabrication Tolerances

The surface finish on the flange bearing seat should be 63 rms;
rougher finishes tend to restrain the sliding of the window in the flange
more than necessary and thus generate larger bending moments in the
spherical window. If it is feasible the bearing surface should be corrosion
resistant to obviate refinishing the surface after years of service. This can
be accomplished by the use of a corrosion-resistant flange insert, corrosion
resistant plating, or epoxy base paints. Regardless which type, if any, of
corrosion-resistant finish is used on the flange seat, liberal coverage with
corrosion-retarding greases is required. Besides protecting the flange seat
from corrosion the grease also aids in the sliding and in sealing the window
under pressure.

Tolerances on the bearing seat angle under zero pressure should be
less than £15 minutes. The permissible change of cone-seat angle under
pressure-generated stresses in the hull is present’, vmknown. [t can be gen-
erally postulated that probably so long as the magnitude of angle distortion
is less than =30 minutes no significant effecs in window performance will
be detected.
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Selection of Window Retainer and Seals

Since the forces generated in the window flange assembly under
hydrostatic pressure tend to cock an imperfectly fitting window in its seat,
particularly if it has a 60-degree spherical sector angle and low t/R; ratio, an
external restraint system should be provided. If the window is permitted to
cock in its flange during application of hydrostatic pressure, it will fail at
much lower pressure than it would otherwise. The initial restraint on the
window is generally provided with a retainer ring situated on the high-
pressure side of the window. This retainer ring, besides restraining the
window from cocking in its flange, also serves as a seal gasket retainer. No
mechanical restraints should be imposed on the window's displacement from
the low-pressure side, as this invariably leads 1o premature failure of the
window.

High-Pressure Seal. The sealing of spherical windows under high
hydrostatic pressure relies, as in conical windows with plane surfaces, on
the grease trapped between the bearing surfaces of the window and of the
flange. The low-pressure seal, on the other hand, is either a neoprene gasket
or an O-ring compressed by the external retainer ring. The important con-
sideration in selecting the thickness of the gasket or O-ring is the magnitude
of window displacement while it is under hydrostatic pressure. |If the gasket
or O-ring is sufficiently thick and well compressed by the retainer ring prior
to hydrostatic loading, it will remain in contact with the window surface
even when it slides upon the flange bearing surface under hydrostatic pressure.
Since the displacement of most spherical windows under operational pressure
{selected on the basis of a conversion factor of 12) is about 0.1 inch for those
in the 4-t0-6-inch-diameter range, about 0.2 inch for those in the 8-t0-12-inch-
diameter range, and about 0.5 inch for windows in the 20-t0-30-inch-diameter
range, the compression of the gasket during its installation must be at least
that large, or larger. If such is the case, the external gasket will seal both under
low and high pressures, making it impossible for seawater to enter between
flange seat and window, and thus eliminate the major source of window seat
corrosion.

Low-Pressure Seal. Preventing the entry of seawater into the space
between the window and the flange seat eliminates the major, but not all
sources of corrosion. Another cause of some corrosion of flange seats is
condensate which runs down the interior of pressure hulls. If there is no
low-pressure seal on the low-pressure face of the window, the condensate
seeps into the space between the relaxing window and the flange seat when
the submersible returns from the dive and is at the ocean surface or on deck.
Because condensate is not seawater, its ravages are less serious, but stili
appreciable.




It is possible to eliminate even this source of corrosion by
incorporating a low-pressure seal into the design of the window and flange
system. Such a seal could take the form of a elastomeric V-shaped gasket
held against the window by means of an elastic split ring that would not
provide any appreciable restraint on the window displacement. This
spring-loaded gasket would follow faithfully the movements of the win-
dow but still protect the flange seat under the window from infiux of
condensate.

seawater seal, 60-durometer elastomer,
20% to 50% compressed

\\\\\ \\\ \ \

retaining ring

e \\\ ,,//////“,
NN

N

condensate seal
60-durometer elastomer

! D¢

Figure H-1. Suggested configuration for spherical window and flange system
for hydrospace acrylic windows.
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Appendix |

TABULATED DATA FOR SHORT-TERM PRESSURIZATION
TESTS OF SPHERICAL ACRYLIC WINDOWS

The experimental data generated during the short-term testing of
spherical windows has been summearized in the form of graphs (Figures 28
through 57) for ready reference by the designer. However, the summarized
data does not lend itself o statistical stress analysis of experimental variables
recorded during the conduct of ihe experiment. For this reason the detailed
experimental data has been included in this report as Appendix I.




Table I-1. Axial Disp acemant nf Spherical Acrylic Windows Subjected to Short-Term
¢ressuriza* an i DOL Type 1V Flange

l1it; = 2750 in., t = 0.250 1n.; o = 30 degrees)

Pressure
{psi)

Spxcimen Number -~

3

5

Maximum
Value

Average
Valge

Minimum
Value

Axiar Disp

lacement of Center P

oint on Window Low-Pressure Face in.)

1,700

2,00y

3,000

4,000

5,000

6,000

7.000

8,000

9,000
10,000
11,000
12,000
13,060
14,000
15,000
16,000
17,000
18,000
19,000
20,000
27,200
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000

6.215
0.048
0.092

0.026
0.047
0.096

0.028
0.057
0.110

0.005
0.041
0.08¢

€.021
(.045
0.100

0.028
0.057
0.110

0.019
0.048
0.097

0.005
0.041
n.083

Critical Pressure

{psi)

3,000

3,200

3,350

3,450

3,250

3,450

3,250

3,000

Tem|

perature (°F)

70

70

70

71

71

71

70

7C

Pressurization Rate (psi/min)

I 667

866

684

667

688

688

674

666
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Table 1-2, Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type 1V Flange

(R; = 2.750 in., t = 0.375 n.; & = 30 degrees)

Pressure
{psi)

Specimen Number

Maximum

7

8

9 10

Value

Average
Value

Minimum
Value

Axial Disp

lacement of Center P

oint on Window Low-Pressure Face (in.}

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

9,000
10,000
11,000
12,000
13,000
14,000
16,000
16,000
17,000
18,000
19,000
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000

0,010
0,020
0.040
0.063
0.004
0.175

0.01}
0.034
0.055
0.078
0.113

0.011
0.031
0.051
0.076
0.112
0.210

0.022 0.017
0.040 | 0.035
0.060 | 0.053 -
0.082 | 0.075
0.112 | 0.110
0.163 | 0.168

0.022
0.040
0.060
0.082
0.113
0.210

0.014
0.032
0.052
0.075
0.108
0.179

0.010
0.020
0.040
0.063
0.094

Critical Pressure

{psi)

6,050

5,700

6,000

6,450 | 6,350

6,450

6,110

5,700

Temperature (

OF)

70

71

A

70 70

7

70

70

Pressurization Rate (psi/min)

665

678

668

667 €67

678

669

665
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Tatie -3, Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(R, =2.750in.; t= 0.500 in.; & = 30 degrees)

Pressure Specimen Number Maximum | Average | Minimum
{psi) 1" 12 13 14 15 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.013 0.020 0.018 0.002 | 0.001 0.021 0.011 0.001
2,000 0.039 0.040 0.032 0.017 | 0.017 0.040 0.029 0.017
3,000 0.051 0.059 0.047 0.032 | 0.033 0.05% 0.044 0.032
4,000 0.063 0.077 0.063 0.040 | 0.047 0.077 0.058 0.040
5,000 | 0.087 0.098 0.082 0.067 | 0.075 0.098 0.082 0.067
6,000 0.118 0.124 0.105 0.0930 | 0.104 0.124 0.108 0.090
7,000 | 0.139 0.156 0.131 0.118 | 0.132 0.156 0.135 0.118
8,000 | 0.174 0.185 0.172 0.165 | 0.148 0.185 0.169 0.148
9,000 | 0.214 0.235 0.228 0.188 | 0.179 0.235 0.209 0.179
10,000 | 0.270 0.324 0.216 0.324 0.270 0.216
11,000 0.251
12,000 0.298
13,000 0.395
14,000 0.580
15,000 0.750
16,000
17,000
18,000
19,000
20,000
21,000
22,000
23,000
24,600
25,000
26,000
27,000
28,000
29,000
30,000
Critical Pressure {psi)
10,750 | 10,600 | 9,900 9,3C0 | 14,250 14,250 10,960 9,300
Temperature (°F)
70 70 70 70 70 70 70 70
Pressurization Rate (psi/min)
667 667 662 664 667 667 665 662
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Table I-4, Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term

Pressurization in DOL Type IV Flange

(R; = 2.750in.; t = 0.625 in.; o = 30 deyrees)

Specimen Number

Pressure Maximum | Average | Minimum

{psi} 16 17 18 19 20 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face {in.)

1.000 { 0003 | 0014 | 0075 | 0.01Z | 0,005 0.014 0.008 0.003
2,000 | 0014 | 0029 | 0011 | 0.027 | 0.01% 0.029 0.018 0.011
3,000 | 0025 | 0,042 | 0018 | 0.041 | 0017 0.042 0.029 0.017
4,000 | 0039 | 0.056 | 0.025 | 0.055 | 0.024 0.056 0.040 0.024
5,000 | 0055 | 0.072 | 0.042 | 0.070 | 0.031 0,072 0.054 0.031
6,000 | 0070 | 0001 | 0.062 | 0.088 | 0.046 0.091 0.071 0.046
7,000 | 0.092 | 0112 | 0.084 | 0.109 | 0.069 0.112 0.093 0.069
8000 | 0.120 | 0137 | 0.113 | 0.134 | 0.095 0.137 0.120 0.095
9,000 | o0.155 0.172 | 0.146 | 0.168 | 0.133 0.172 0.155 0.133

10,000 | 0,194 | 0.216 | 0.198 | 0206 | 0.173 0.216 0.197 0.173

11,000 | o0.257 0.268 | 0.262 | 0.246 | 0.231 0.268 0.253 0.231

12,000 | 0,325 0.335 | 0.350 | 0.304 | 0.304 0.350 0.324 0.364

13,000 | 0404 | 0.406 | 0.485 | 0.378 | 0.386 0.485 0.412 0.378

14,000 | 0508 0.493 | 0682 | 0.450 | 0.473 0.682 0.521 0.450

15,000 0.589 0.517 | 0560

16,000 0.613 | 0.740

17,000

118,000

19,000

20,000

21,000

22,000

23,000

24,000

25,000

26,000

27,000

28,000

29,000

30,000

Critical Pressure {psi)

14,800 | 15,600 | 14,300 | 16,300 { 15,900 16,300 15,580 14,200

Temperature (°F)

69 70 71 69 71 71 70 69

Pressurization Rate {psi/min)

655 667 665 665 655 667 661 65.
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Table I-5. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressuvization in DOL Type IV Flange

(R, =2.750in,; t = 0.750 in.; a = 30 degrees)

Specimen Number

Pressure Maximum | Average | Minimum
{psi) 2 22 23 24 25 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face {in.)
|
1,000 0.002 0.001 0.015 0,001 0.009 0.015 0.006 0.001
2,000 0.016 0.0i1 0.028 0.012 0.020 0.028 0.017 0.011
3,000 0.028 0.019 0.040 0.025 0.031 0.040 0,029 0.019
4,000 0.042 0.030 0.052 0.040 0.045 0.052 0,042 0.030
5,000 0.055 0.044 0.06€6 0.055 0.058 0.066 0.056 0.044
6.000 0.071 0.059 0.082 0.075 0.075 0.082 0.072 0.059
7,000 0.091 0.073 0.098 0.094 0.092 0,098 0.090 0.073
8,000 | 0.105 0.094 0.116 0.116 0.111 0.116 0.108 0.094
9,000 | 0128 0.115 0.135 0.141 0.128 0.141 0.129 0.115
10,000 | 0.154 0.137 0.156 0.167 0.144 0.167 0.152 0,137
11,000 | 0,182 0.160 0.179 0.192 0.166 0.192 0.176 0.160
12,000 | 0,212 0,190 0,197 0.212 0.184 0.212 0.199 0.184
13,000 | 0.234 0.227 0.214 0.243 0.205 0.243 0.225 0.205
14,000 | 0.271 0.267 0.234 0.262 0.227 0.271 0.252 0.227
15,000 | 0.308 0.310 0.252 0.286 0.253 0.310 0.282 0.252
16,000 | 0.342 0.360 0.270 0.310 0.280 0.360 0.312 0.270
17,000 | 0,393 0.419 0.293 0.339 0.312 0.419 0.351 0,293
18,000 | 0,440 0.481 0.318 0.365 0.344 0.481 0.390 0.318
19,000 | 0.489 0.535 0.341 0,396 0.375 0.535 0.427 0.341
20,000 | 0.536 0.594 0.365 0.424 0.401 0.594 0.464 0.365
21,000 | 0.587 0.644 0.387 0.461 0.438 0.644 0.503 0.387
22,000 | 0.695 0.685 0.419 0.485 0.466 0.695 O.voU 0.419
23,000 | 0.765 0,723 0.532 0.525 0512 0.765 0.611 0512
24,000 | 2.787 0.760 0.590 0.570 0.537 0.787 0.645 0.537
25,000 | 0.823 0.797 0.660 0.640 0.577 0.823 0.700 0.577
26,000 | 0.836 0,826 2.698 0.689 0.614 0.836 0.732 0.6i4
27,000 | 0.851 0.843 0.758 0.742 0.652 0.851 0.769 0.652
28,000 | 0.890 0.879 0.820 0.808 0.715 0.890 0.822 0.715
29,000 | 0.925 0.918 0.906 0.890 0.810 0.925 0.890 0.810
30,000 | 0.960 0.945 0.915 0.905 0.898 0.960 0.925 0.898
Critical Pressure (psi)
30,000* |30,000* | 30,000 |30,000* {30,000* | 30,000 30,000 30,000
Temperature (°F)
71 68 70 71 68 71 69 68
Pressurization Rate (psi/min}
532 662 650 666 666 666 635 532

* Value does not represent critical pressure, critical pressure was greater than capacity of
pumping system, but failure was inevitable at pressures above 30,000 psi.
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Table |-6. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term

Pressurization in DOL Type 1V Flange

(R, = 2.760 in.; t = 1.000 in.; a = 30 degrees)

Pressure Specimen Number Maximum | Average | Minimum
{psi) 2% 27 28 29 30 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face {in.)
1,000 | 0.001 0.002 0.004 0.008 0.006 0.008 0.004 0.001
2,000 | 0.002 0.004 0.013 0.019 0.010 0.019 0.010 0.002
3,000 | 0.011 0.016 0.025 0.028 0.019 0.028 0.020 0.011
4,000 | 0.020 0.017 0.036 0.037 0.030 0,037 0.026 0.017
5,000 | 0.027 0.026 0.047 0.049 [ ,0.040 0.049 0.038 0.026
6,000 | 0.040 0.036 0.059 0.061 0.053 0,061 0.056 0.036
7,000 | 0.057 0.047 0.072 0.073 0.066 0.073 0.063 0.047
8,000 { 0.072 0.068 0.087 0.088 0.081 0.088 0.079 0.068
9,000 | 0.081 0.078 0.102 0.102 0.097 0.102 0.098 0.078
10,000 | 0.097 0.095 0.117 0.119 0.115 0.119 0.109 0.005
11,000 | 0.112 0.116 0.131 0.137 0.134 0.137 0.126 0.112
12,000 | ¢a128 0.130 0.147 0.152 0.155 0,155 0.142 0.128
13,000 | 0.146 0.144 0.166 0.167 0.175 0,175 0.160 0.144
14,000 | 0171 0.166 0.181 0.181 0.195 0.195 0.179 0.166
15,000 | 0.188 0.188 0.197 0.195 | 0.213 0.213 0.196 0.188
36,000 | 0.209 0.209 0.206 0.211 0.235 0.235 0.214 0.206
17,000 | 0.230 0.236 0.231 0.222 0.258 0.258 0.235 0.222
18,000 | 0.254 6,258 0.261 0.240 0.281 G.281 0.257 0.240
19,000 | 0.283 0.281 0.264 0.256 0.303 0.303 0.277 0.256
20,000 | 0.308 C.312 0.289 0.274 0.328 0.329 0.302 0.274
21,0006 | 0.336 0.345 0.308 0.291 0.357 0.357 0.327 0.291
22,000 | 0.367 0.368 C.324 0.308 0.384 0.384 0.350 0.308
23,00 | 0.400 0.405 0.345 0.328 0.412 0.412 C.378 0.328
24,000 | 0.428 0.437 0.380 0.348 0.447 0.447 0.408 0.348
25,000 | 0.462 0.460 0.393 0.369 0.471 0.471 0.431 0.369
26,006 | 0.495 0.500 0.408
27,000 } 0.528 0.534 0.427
28,000 | 0563 0.579 0.455
29,000 | 0.590 0.594 0.434
30,000 | 0.590 0.69¢ 0.518
Critical Pressure {psi)
30,000¢ {30,000" | 30,000°* {30,000* |30,000* | ~L,000 32,000 30,000
Temperuture (°F)
69 70 71 67 68 71 59 67
Pressurization ate {psi/min)
665 662 640 665 653 665 659 640

* Value does not represent critical pressure; critical pressure was greater than capacity cf

pumping system, but failure was inevitable at pressures above 30,600 pst.




Table 1-7. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term

Pressurization in DOL Type 1V Flange

(R; = 2.750 in.; t = 0.250 in.; & = 60 degrees)

Pressure
{psi)

i N r . -
Specimen Numbe Maximum | Average | Minimum

31 32 33 34 a5 Value Value Value

Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

9,000
10,000
11,000
12,000
13,000
14,000
15,000
16,000
17.000
18,000
19,000
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,600
28,000
30,000

0,040 0.012 | 0.030 | 0.015 | 0.005 0.040 0.020 0.005
0.079 0.061 0.077 0.045 0.079 0.066 0.045

Critical Pressure (psi)

2,780 2500 | 2,600 1,200 | 2,600 2,780 2,336 2,500

Temperature (°F)

70 69 68 71 70 71 70 68

Pressurization Rate (psi/min)

654 652 728 706 662 728 680 652
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Table I-8. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(R; = 2,750 in.; t = 0.500 in.; a = 60 degrees)

Pressure Specimen Number Maximum | Average | Minimum

{psi) % 37 38 29 40 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 | 0.001 0.008 0.013 0.003 0.005 0.013 0.006 0.001
2,000 | 0.008 0.018 0.025 0.020 0.021 0.025 0.018 0.008
3,000 | 0.022 0.035 0.046 0.038 0.039 0.046 0.036 0.022
4,000 | 0.043 0.063 0.066 0.068 0.057 0.068 0.059 0.043
5,000 | 0.067 0.082 0,089 0.085 0.083 0.089 0.081% 0.067
6,000 | 0.096 0.125 0.130 0.118 0.120 0.132 0.118 0.096
7,000 | 0.144 0.190 0.178 0.178 0.190 0.172 0.144
8,000 | 0.265
9,000

10,000

11,000

12,000

13,000

14,000

15.000

16,000

17,0C

18,000

19,000

20,000

21.000

22.000

23.0C0

24,000

25,000

26,000

27,000

28,000

29,000

30,000

Critical Pressure {psi)
8,250 6.400 7,500 7.550 7,750 8,250 7,490 7,000
Temperature (°F}
69 69 70 70 70 70 70 65
Pressurization Rate {psi/min)
667 661 870 662 668 670 666" 661 J
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Table I-9. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type 1V Flange

(R; = 2.760in,; t = 0.750 in.; a = 60 degrees)

Specimen Number

Pressure Maximum | Average | Minimum

{psi) at a2 43 44 45 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.001 0.002 0.029 0.001 0.060 0.029 0.007 0.000
2,000 0.011 0.013 0.041 0.033 0.001 0.041 0.020 0.001
3,060 0.025 0.031 0.054 0.046 0.011 0.054 0.033 0.011
4000 | 0.036 0.048 0.068 0.060 | 0.026 0.068 0.046 0.036
5,000 0.050 0.063 0.082 0.074 0.041 0.082 0.062 0.041
6,000 0.066 0.078 0.100 0.080 0.058 0.100 0.078 0.058
7.000 0.031 0.094 0.118 0.100 0.076 0.118 0.094 0.076
8,000 0.100 0.108 0.138 0.128 0.098 0.139 0.115 0.100
9,000 0.135 0.138 Q.164 0.154 0.123 0.164 0.143 0.123

10,000 0.157 0.169 0.191 0.190 0.151 0.191 0.172 0151

11,000 0.193 0.222 0.228 0.220 0.187 0.229 0.210 0.187

12,000 C.241 0.264 0.281 0.272 0.250 0.281 0.262 0.241

13,000 | 0.319 0.358 0.358 0.354 | 0.334 0.359 0.345 0.258

14,000 | 0545 0.645 0.720

15,000

16.000

17,000

18,000

19,000

20.000

21,060

22,060

23,000

24,000

25,000

26,000

27,000

28,000

29,000

30,000

Critical Pressure {psi)
14,200 | 13,800 { 14,050 | 14,050 | 13,500 14,200 13,920 13,500
Temperature °F)
63 70 69 69 69 70 69 68
Pressurization Rate (psi/min)
670 667 667 667 €69 670 668 667
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Table 1-10. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type 1V Flange

(R; = 2.750 in.; t = 1.000 in.; &« = 60 degrees)

.men Number . .
Pressure Spe .m Maximum | Average | Minimum

{psil 46 47 48 49 50 Value Value Vatue

Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 | 0000 | 0016 | 0.025 | 0011 | 0010 0.025 0.015 0.000
2,000 | 0010 | 0.028 | 0.037 | 0.024 | 0.023 0.037 0.024 0.010
3000 } 0018 | 0.039 | 0050 | 0.036 | 0.036 0.050 0.036 0.018
4,000 | 0.031 0.049 | 0062 | 0.048 | 0.067 0.067 0.051 0.031
5,000 | 0.041 0.060 | 0070 ; 0.058 | 0.063 0.070 0.060 0.041
6,000 | 0.056 | 0.072 - 0.071 | 0.076 0.076 0.069 0.056
7,006 | 0.072 | 0.083 - 0.085 | 0.091 0.091 0.083 0.072
8,000 | o084 | 0.097 | 0.101 | 0.097 | 0.107 0.107 0.097 0.084
9.000 | 0103 | 0.120 | 0.120 | 0.112 | 0.124 0.124 0.116 0.103

i0.000 | 0.119 | 0131 | 0.142 | 0135 | 0.142 0.142 0.134 0.119

11000 | 0142 | 0156 | 0.162 | 0.154 | 0.162 0.162 0.155 0.142

12,000 | 0.166 0.170 | 0.195 | 0.175 | 0.183 0.195 0.178 0.166

13000 | 0,192 | 0.194 | 0233 | 0.201 | 0.209 0.233 0.206 0.192

14,000 | 0,221 0.220 | 0.275 | 0.23¢ | 0.239 0.275 0.238 0.220

15,000 | 0.256 | 0.242 | 0.366 | 0.265 | 0.272 0.306 0.268 0.242

16,000 | 0.296 0.280 | 0352 | 0.301 | 0.311 0.362 0.310 0.280

17000 | 0352 | 0314 | 0.420 | 0354 | 0.358 0.429 0.341 0.314

18,000 | 0.431 0.363 | 0485 | 0.413 | 0.412 0.485 0.421 0.363

19,000 | 0505 | 0.440 | 0640 | 0508 | 0.497 0.640 0.518 0.440

20,000 | 0.800 0.547 0.785 | 0.705
21,000 1.500

22,000
23,000
24,000
25.000
26,000
27,000
28.000
29,000
30,000

Critical Pressure (psi)

21,200 | 20,800 | 19,400 | 20,750 | 20,980 | 21,200 20,626 19,400

Temperature (°F)

70 69 70 70 69.6 70 70 69

Pressurization Rate (psi/min)

662 665 665 668 6€4 668 665 662
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Table I-11. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(R; =2.750 in.; t = 1.200 in.; &« = 60 degress)

Pressure Specimen Number Maximum | Average | Minimum
{psi) 51 52 53 54 55 Value Value Vaiue
Axial Displacement of Center Point 03 Window Low-Pressure Face {in.)
1.000 0.007 C.007 0.009 0.008 0.002 0.008 0.007 0.002
2,000 0.017 0.017 0.020 0.015 0.004 0.020 0.015 0.004
3,000 0.027 0.025 0.030 0.024 0.013 0.030 0.024 0.013
4,000 0.036 0.034 0.040 0.034 0.022 0.040 0.033 0.022
5,000 0.046 0.043 0.051 0.044 0.032 0.051 0.045 0.032
6,000 0.057 0.055 0.062 0.056 0.042 0.062 0.054 0.042
7.000 0.069 0.067 0.073 0.067 0.054 0.073 0.066 0.054
8,000 0.081 0.080 0.087 0.080 0.066 0.037 0.079 0.065
9.000 0.095 0.094 0.100 0.093 0.079 0.100 0.092 0.079
10,000 0.108 0.109 0.115 0.166 0.093 0.115 0.1C6 0.093
11,000 0.126 0.125 0.131 0.122 0.109 0.131 0.123 0.109
12,000 0.143 0.141 0.147 0.140 0.126 0.147 0.140 0.126
13,000 0.i61 0.160 (.167 0.159 0.146 0.167 0.159 0.146
14,000 0.181 0.180 0.i187 0.180 0.165 0.187 0.179 0.165
15,000 0.203 0.202 0.210 0.202 0.188 0.210 0.201 0.188
16,0C0 0.226 0.225 0.232 0.221 0.209 0,232 0.223 0.202
17.000 0.252 0.251 0.259 0.246 0.237 0.259 0.248 0.237
18,000 0.277 0.275 0.287 0.274 0.261 0.287 0.275 0.261
19.000 0.304 0.306 0.215 0.299 0.293 0.315 0.303 0.283
26,000 0.338 0.335 0.345 0.321 0.326 0.346 0.333 0.321
21,000 0.376 0.375 0.377 0.362 0.376 0.377 0.373 0.362
22,000 0.413 0.413 0.403 0.401 0.418 0.418 0.411 0.401
23,000 0.473 0.460 0.461 0.447 0.486 0.486 0.465 0.447
24,000 0.538 0.532 0525 0.503 0.550 0.550 0.530 0503
25,000 0.605 0.6:0 0.629 0.595 0.633 0.633 0.614 0.595
26.000 0.704 0.725 0.720 0.693 0.753 0,753 C.7i9 0.693
27,000 0.833 0.839 0.830 0.844 0.904 0.904 0.850 0.830
28.000 0.988 0.995 0.956 1.032 1.280 1.280 1.050 0.956
29,000 i.188
30.000
Critical Pressure {psi)
29,000 | 30,000 ] 29,00 | 28,i00 | 28,200 30,000 28980 28,100
Temperature {°€})
69 €2 67 68 68 69 68 67
Pressurization Rate (psi/min)
664 656 667 667 664 667 ! 663 654
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Table I-12. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(R, = 2.750 in.; t = 0.250 in.; c. = 90 degrees)

Snecimen Number
Pressure ecime be Maximum | Average | Mimimum

i Vak Val Vals
{psi} 56 57 58 59 60 alue alue alue

Axial Displacement of Center Point on Window Low-Pressure Face {in.}

1.000 | 0.031 €.036 0.034 0.035 | 0.023 0.036 0.032 0.023
2,000 | 0.067 0.070 | 0.054 0.075 | 0.077 0.077 0.071 0.064
3,000 0.142
4,000
5.000
6,00C
7.000
8.000

10,000
11,000
12,000
13.000
14,000
15,000
16.00C
12.000
18.000
19,000
20.000
21.000
22.000
23.000
24,000
25,020
26.000
27,000
28.000
29.000
30.060

Critical Pressure (psi)

2,850 3100 | 23950 | 2900 | 2,650 3,100 2880 2,650

Temperature °e)

69 70 69 70 70 70 70 69

Pressurization Rate (psi/min)

684 667 666 690 690 666 679 6390

127




Table I-13. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type 1V Flange

{R; =2.750 in.; t = 0.500 in.; a = 90 degrees)

Specimen Number .
Pressure Maximum { Average | Minimum

{psil 61 62 63 64 65 Value Value Valye

Axial Displacement of Center Point on Window Lovs-Pressure Face (ir.)

1000 | 0028 | 0012 | 0020 | 0.031 | 0038 | 0638 | 002 | 0012
2000 | 0041 | 0028 | 0041 | 0048 | 0058 | 0058 | 0043 | o0.028
3000 | 0065 | 0048 | 0.059 | 0063 | 0075 | 0075 | 0c:> , 0048
2000 | 0082 | 006 | 0077 | 0079 | 0036 | 0036 | 0021 | 0069
5, 0114 | 00% | 0103 | o110 | 0122 | 0122 | 0102 | o009
6000 | 0155 | 0148 | 0.153 | 0155 | 0.178 | 0.178 | 0158 | 0.148
7000 | 0335
8.000
5,000
10,000
11,000
12,000
13.000
14,000
15.000
16.000
17,000
18,000
19.000
20,000
21,000
22,000 )
23900
24,000
25.000
26.000
27,000
28.000
29,000
30,000

Critical Pressure {psi)

7,100 6,750 6.800 7,000 6.80C 7.100 62890 5,730
Temperature {°F)
69 70 7 70 70 71 70 63
Pressurization Rate {psi/min)
670 857 655 652 660 670 661 652

SN S
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Table I-14. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(R;=2.750 in.; t = 0.750 in.; « = 90 degrees)

Pressure Specimen Num Maximum | Average  Minimum
{osi} Value Valus Value
66 87 68 69 70

Axial Displacement of Center Point on Yindow Lov+Pressure Face (in.)

1.000 | 0.020 0.004 0.001 0.011 0.005 C.001 C.003 0.000
2,000 | 0.033 0.015 0.003 | 0.023 | 0.029 0.032 0.023 0.003
5000 | 0049 0.030 | 0.014 0.036 | 0.041 0.049 0.034 0.014
4000 | 0.059 0.044 0027 | 0030 | C.055 0.059 0.047 0.027
5.000 | 0.075 0.058 0.041 0.064 | 0.053 0.675 0.051 0.041
6,000 | 0.9 0.075 | 0.057 0.080 | 0.086 0.0% 0.079 0.557
7000 | 0.110 0.025 0079 | 0100 | 0.155 0.110 0.093 0.07¢
8000 | 0.135 0.120 | 0.107 0.125 | 0.131 0.i35 0.124 0.107
9,000 | 0.169 0.130 | 0.i50 | 0.15% | 0.165 0.169 0.158 0.150
i0.000 | 0.231 0.208 0.207 €2i3 | 0.220 0.223 0.216 0.207
11,000 | 0.350 0400 | 0370 | 0.352 0.400 ¢ 7 0335

24,000
25.000
26600
27.000
28,020
28,0090
30600

Critical Pressure {psi)

11,250 | 11,225 ] 11000 | 11,250 | 11,300 11.300

g:i

11.000

Temperature g

70 70 71 70 69 71

“}
(=
8

Pressurization Rate {psi/min}

667 657 662 €61 6680 657 €53 650
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Table I-15, Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(R;=2.7501in.; t=1.000 in.; & = 90 degrees)

Pressure Specimen Number Maximum | Average | Minimum
{psi) 7 72 23 24 75 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face {in.)
1,000 0.010 0.003 0.017 0.005 0.020 0.011 0.011 0.000
2,000 0.022 0.025 0.029 0.007 0.036 0.036 0.024 0.007
3,000 0.037 0.048 0.039 0.009 0.038 0.048 0.034 0.009
4,000 0.048 0.050 0.049 0.011 0.055 0.055 0.043 0.011
5,000 0.061 0.051 0.061 0.027 0.073 0.073 0.055 0.027
6,000 0.077 0.074 0.073 0.037 0.075 0.077 0.067 0.037
7,000 0.089 0.096 0.090 0.047 0.092 0.096 0.083 0.047
8.000 0.106 0.098 0.104 0.061 0.109 0.109 0.096 0.061
9,000 0.116 0.122 0.126 0.078 0.127 0.127 0.114 0.078
10,000 0.137 0.146 0.149 0,098 0.145 0.149 0.135 0.098
11,000 0.162 0.170 0.169 0.122 0.163 0.170 0.157 0.122
12,000 0.208 0.196 0.203 0.151 0.199 0.208 0.191 0.151
13,000 0.240 0.248 0,230 0.189 0.235 0.248 0.208 0.189
14,000 0.295 0.300 0.279 0.237 0.290 0.300 0.280 0.279
15,000 0.412 0.398 0.363 0.347 3.368 0.412 0.378 0.347
16,000 0.650 0.650
17,000
18,000
19,000
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000
Critical Pressure (psi)
15,600 | 15,750 | 16,100 | 16,000 | 16,100 16,100 15,910 15,750
Temperature (°F)
70 7 71 69 68 71 70 68
Pressurization Rate {psi/min)
667 672 662 658 669 672 666 658
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Table I-16. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type !V Flange

(R, =2.750in,; t = 1.200 in.; & = 90 degrees)

Pressure Specimen Number Maximum | Average | Minimum
{psi) 76 77 78 79 80 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1.000 0.007 0.009 0.010 0.011 0.001 0.011 0.006 0.001
2,000 0.018 0.018 0.018 0.020 0.011 0.020 0.017 0.011
3,000 0.026 0.028 0.027 0.031 0.019 0.031 0.026 0.019
4,000 0.036 0.638 0.037 0.040 0.029 0.040 0.036 0.029
5,000 0.046 0.048 0.047 0.049 0.039 0.049 0.046 0.039
6,000 0.058 0.060 0.058 0.061 0.051 0.061 0.058 0.051
7.000 0.070 0.071 0.071 0.073 0.063 0.073 0.070 0.063
8,000 0.083 0.086 0.086 0.084 0.077 0.086 0.083 0.077
9,000 0.695 0.097 n Q099 0.099 0.092 0.099 0.096 0.092
10,000 0,112 0.105 0.111 0.115 0.106 0.115 0.110 0.105
11,000 0.i28 0.119 0.127 0.132 0.121 0.132 0.125 0.119
12,000 0.142 0.134 0,143 0.152 0.139 0.152 0.142 0.134
13,000 | 0.169 0.155 0.163 0.173 0.162 0.173 0.164 0.155
14,000 | 0.192 0.180 0.187 0.197 0.185 0.197 0.188 0.180
15,000 | 0.220 0.217 0.213 0.225 0.210 0.225 0.217 0.210
16,000 | 0.253 0.245 0.242 0.260 0.248 0.260 0.250 0.242
17,000 | 0.295 0.201 0,283 0.305 0.298 0.305 0.294 0.283
18,000 | 0.353 0.342 0.333 0.360 0.343 0.360 0.346 0.333
19,000 | 0.437 0.414 0.413 0.450 0.420 0.450 0.427 0.413
20,000 | 0.700 0.640 0.564 0.620 0.564 €.700 0.619 0.564
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000
Critical Pressure (psi)
20,100 | 20,200 | 20,300 | 20,520 | 20,650 20,650 20,350 20,100
Temperature (°F)
68 68 69 68 67 69 68 67
Pressurization Rate (psi/min)
659 662 657 666 666 666 662 659
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Table 1-17, Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(R; = 2.7560 in,; t = 0.260 in.; & = 120 degrees)

Spezimen Number . ..
Pressure P Maximum = Average | Minimum

(psi} 81 82 83 84 85 Value Valye Value

Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1.000 0.021 0.016 0.036 0.038 | 0.027 038 0.028 0.016

2,000 0.052 0.046 0.072 0.074 | 0.063 74 0.061 0.046

3.000 0.070 0.070 { 0.095 0.093 w.J95 0.082 0.070

4,000

5,000

6.000

7.000

8,000

9,000
10,600
11,000
12,000
13,000
14,000
15,000
16,000
17,000
18,000
19,600
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000

Critical Pressure (psi)

3,000 3,100 3,150 2940 | 3,100 2340 3,058 3,150

Temperature (°F)

70 70 70 ra 71 n 70 70

Pressurization Rate {psi/min)

640 673 630 667 645 7 651 630
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Table I-18, Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(R; =2.750 in.; t = 0.500 in.; & = 120 degrees)

Pressure Specimen Number Maximum | Average | Minimum
{psi) 86 87 a8 89 90 Valye Value Value ’
Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.014 0.002 0.016 0.028 0.027 0.027 0.017 0.002
2.000 0.029 0.017 0.035 0.047 0,047 0.047 0.035 0.017
3,000 0.047 0.034 0.055 0.068 | 0.067 0.068 0.054 0.034
4,000 0.067 0.057 0.078 0.092 | 0.090 0.092 0.077 0.057
5,000 0.100 0.085 0.109 0,123 | 0.122 0.123 0.108 0.085
6,000 0.139 0.137 0.167 0.171 0.181 0.181 0.159 0.137
7.000 0.228 0.308 0.414 0.325 | 0.300 0.414 0.315 0.228
8,000
9,000
10,000
11,000
12,000
13,000
14,000
15,000
16.000
17.000
18,000
19.000
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30.000
Critical Pressure {psi)
7.350 7,150 7,100 7,100 | 7,250 7,350 7,190 7,100
Temperature (°F)
68 70 69 69 68 70 69 68
Pressurization Rate (psi/min)
663 669 666 665 667 669 666 663
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Table 1-19. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(R; =2.750in.; t = 0.750 in.; & = 120 degrees)

Specimen Number

Pressure Maximum | Average | Minimum
{psi) 91 92 93 94 95 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.002 0.028 0.026 0.010 | 0.00% 0.028 0.013 0.001
2,000 0.603 0.038 0.041 0.026 | 0.002 0.041 0.022 0.002
3,000 | 0.026 0.039 0.056 0.040 | 0.018 0.056 0.036 0.018
4,000 0.050 0.056 0.071 0.055 0.033 0.071 0.053 0.033
5,000 | 0.051 0.076 0.088 0.072 0.050 0.088 0.067 0.050
6,000 | 0.074 0.094 0.108 0.092 | 0.068 0.108 0.087 0.068
7.000 | 0.097 0.124 0.131 0.114 0.080 0.114 0.111% 0.090
8,000 | 0.120 0.141 0.161 0.144 0.119 0.144 0.137 0.119
9,000 | 0.165 0.187 0.205 0.194 0.165 0.205 0.183 0.165
10,000 | 0.250 0.270 0.295 0.294 | 0.245 0,295 0.271 0.245
11,000
12,000
13,000
14,000
15,000
16,000
17.000
18,000
19,000 ,
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
Critical Pressure {p )
10,800 | 10,750 | 10,700 | 10,850 11,000 10,840 10,700
Temperature °F)
70 70 €9 70 70 70 69
Pressurization Rate (psi/min}
666 661 660 664 666 662 660
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Table I-20. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in OOL Type 1V Flange

(R; = 2.750in.; t = 1,000 in.; @ = 120 degress}

Pressure Specitnen Number Maximum | Average | Minimum
{psi} 96 97 a8 99 100 Value Value Value
Axial Disptacement of Center Point on Window Low-Pressure Face lin.}
1,000 0.001 0.015 0.013 0.015 0.002 0.015 0.013 0.001
2,000 0.002 0.025 0.025 0.028 0.017 0.028 0.019 0.002
3,000 0.015 0.040 0.036 0.041 0.029 - 0.041 0.032 0.015
4,000 0.024 0.054 0.048 0.054 0.042 0.054 0.044 0.024
5,000 0.035 0.064 0.062 0.067 0.057 0.067 0.057 0.035
6,000 0.046 0.081 0.076 0.0b1 0.071 0.081 0.071 0.045
7,090 0.065 0.098 0.091 0.100 | 0.¢87 0.100 0.088 0.065
8,000 0.076 0.115 0.108 0.115 0.103 0.115 0.103 0.076
9,000 0.103 0.139 0.130 0.135 0.123 0.139 0.126 0.103
10,000 C.119 0.162 0.152 0.157 0.144 0.162 0.147 0.119
11,0600 0.i146 0.196 0.130 0.186 0.170 0.196 0.176 0.146
12,000 0.183 0.232 0.221 0.225 0.205 0.232 .213 0.183
13.000 0.240 0.299 0,280 0.288 0.253 0.299 0.272 0.240
14,000 0.328 0.420 0.37% 0.410 | 0.330 9.420 0.353 0.328
15,000 1.000 0.495
16,000 1.107
17.000
18,000
19,000
20,000
21,000
22,000
23,600
24,000
25,000
26,000
27,000
28,000
29,000
30,000
Critica! Pressure {psi}
15,300 14,750 1 14,650 ] 14,800 15,340 15,340 14,968 14,650
Temperature (°F}
69 70 68 71 68.5 7 £0.3 68
Pressurization Rate {psi/min)
655 665 667 665 658 667 662 555
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Table I-21. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type 1V Flange

(R; = 2.750in.; t = 0.250 in.; @ = 150 degrees)

H I
Pressure Specimen Number Maximum | Average | Minitnum

{psi} 101 102 103 104 105 Value Valye Value

Axial Displacement of Center Point on Window Low-Pressure Face {in.}

1,000 | 0.018 0.034 | o0.021 0.034 | 0.033 0.034 0.028 0.018

2,000 | 0.049 0.063 | 0.053 | 0.064 | 0.050 0.064 0.058 0.049

3,000 | 0.077 0.087 0.084 | 0.100 | 0.090 0.100 0.088 0.077
4,000
5,000
6,000

7,000

8,000
9,000
10,000
11,000
12,000
13.0600
14,000
15,000
16.000
17,000
18,606
19,000
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28.000
29,000
30.600

Critical Pressure {psi)

3,300 3,050 | 3,250 | 3,100 | 3,100 3,300 3,160 3,050

Temperature °F)

69 68 68 69 70 70 69 68

Pressurization Rate {psi/fmin)

675 660 66i 641 658 675 659 641
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Table 1-22. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term

Pressurization in DOL Type IV Flange

(R; = 2.750in.; t = 0.500 in.; o = 150 deqrees)

Specimen Number

Pressure Maximum | Average | Minimum
{psi) 106 107 108 109 110 Vaiue Value Value
Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 0.015 9.001 0.020 0.033 0.017 0.034 0.017 l 0.001
2,006 0.024 0.607 0.037 0.052 | 0.038 0.052 0.033 0.007
3,000 | 0.040 0.020 0.054 0.070 | 0.057 0.070 0.048 0.020
4,000 0.073 =039 0.075 0.089 0.082 0.089 0.0 0.032
5,000 | 0.100 0.056 0.10¢ 0.117 0.109 0.117 0.086 0.05€
6,600 C.151 0.120 0.141 0.158 0.148 0.158 0.144 0.120
7.000 | 0.238 0.188 0.191 0.209 0.215 0.238 0.2i2 0.188
8,000
9,000
10,000
11,000
12,000
13.000
14,000
15,000
16,000
17.000
18,000
19,000
20.000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30.000
Critical Pressure {psil
7,400 7,250 7,300 7.250 7,600 7,600 7,320 7.250
Temperature °F)
70 70 71 71 71 Il 70.6 70
Pressurization Rate {psi/min)
632 669 670 670 681 681 664.4 632
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Tatle 1-23. Axial Displacement of Spherical Acrylic Windows Subjected to Shori-Term
Pressurization in DOL Type IV Flange

(], =2.750in.; t = 0.750 in.; a = 150 degrees)

Specimen Number
Pressure pect

{psi) 111 112 13 114 115

Maximum | Average | Minimum
Value Value Value

Axial Displacement of Center Point on Window Low-Pressure Face {in.)

1.000 0.001 0.0t 0.023 | 0011 0.034 0.034 0.014 0.Co1
2.000 0.014 0003 ; 0038 | 0025 | 0.057 0.057 0.027 0.003
3.000 0.027 0.014 | 0.051 0038 | 0.075 0.075 0.041 0.014
4,000 0.040 0023 ] 0.064 | 0054 | 0.036 0.036 0.055 0.023
5,000 0.059 0.047 | 0.080 | 0.072 | 0.117 0.117 0075 0.047
6,000 0.072 0060 | 0.096 | 0092 | 0.140 0.140 0.092 0.060
7.000 0.096 0.081 C.1i7 | 0.113 | 0.166 0.166 0.115 0.081
8.000 0.120 0.i06 | 0.142 | 0.150 | 0.202 0.202 0.144 0.106
9,000 0.162 0.i38 | 0.178 | 0204 | 0.257 0.257 0.152 0.138
10,000 0.230 0.21 0.235 | 0.28% 0.310 0.319 0.253 0.211

11,000 0.338 0319 | 0.325 | 0.508 | 0.50i 0.5C3 0.398 0.319
12.000

13,000
14.000
15,000
16,000
17.000
18.000
1€.000
20.000
21,000
22,000
23.000
24,000
25.000
26,000
27,000
28.000
28.000
30,000

Critical Pressure {psi)

11,600! 11580 11580} 11,150 | 11,400 11,600 11,462 11,150

Temperature (OF)

70 70 69 71 69.2 7 69.8 69

Pressurization Rate {psi/min)

670 664 667 672 67

[$1]

675

]
o

664

138




Table 1-24. Axial Displacement of Spherical Acryl.c Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

(B; = 2.750 in.; t = 1.000 in.; @ = 150 degrees)

Pressure Specimen Number KMaximum | Average | Minimum

3 Val Val Val
{psi} 116 117 118 119 120 alue alue alue

Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.002 0000 | 0020 | 0002 | 0.003 0.020 0.066 0.c00
2,600 0.015 0.007 | 0.027 | 0.025 | 0.004 0.027 0.016 0.004
3.000 0.027 0013 | 0044 | 0047 | 0.006 0.047 0027 0.006
4.000 0.0z5 00241 0.057 | 0048 | 0.020 0.057 0.037 0.020
5,000 0.049 0035 | 0.067 | 0.062 | 0.036 0.059 0.051 0.035
6,000 0.051 0048 | 0.081 0.070 | 0.050 0.081 0.062 0.048
7,000 0.074 0071 0.091 0.020 | 0.065 0.091 0.078 0.065
8.000 0.087 00831 0103 { G110 | 0.087 0.110 0.095 0.083
9,000 0.105 0094 | 0.127 | 0.i3i 0.106 0.131 0113 0.094
10,000 0.126 0.1i7 | 0.i157 | 0.i51 0.i35 0.157 0.137 0.126
11,000 0.i51 0.i50 | 0.183 | 0.191 0.162 0.191 0.167 0.150
12,000 0.185 0.i84 | 0.234 | 0.231 0.217 0.234 0.210 0.184
i3.000 0.236 0232 0282 | 0292 | 0.281 0.292 0.264 0.232
14,000 0.301 0312 ) 0312 | 0425 § 0387 0.425 0.347 0.301
15.000 0.254 0.482 0.525
16.000
17.000
18.000
19,000
20.000
21.000
22,00C
23,000
24.000
25,000
26.000
27.000
28,000
29,000
30,000

Critica! Pressure {psi)

15600 | 15400} 14950} 14800 ] 15520 | 15,600 15254 14800

-

Temperature {%s)

67 68 71 72 63 72 69.2 67

Pressurization Rate {psi/min)

665 667 665 664 691 6891 670.4 665
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Table 1-25. Axial Displacement of Spherica! Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

{R; = 2.750in.; t = 0.250 in.; @ = 180 degrees]

Pressure Specimen Number tMaximum | Averzge | Minimum
9 Value Vaive Value
fpsi) 121 122 | 123 | 124 | s

Axial Displacement of Center Point on Window Lov+Pressure Face (in.)

1.000 0.001 0003 ] 0032 | Q036 | 0004 0. 0.0i5 0.001
2.000 0.030 0034 ; 0068 | C059 | 0033 0.068 c.0s8 0.030
3.000 0.110 0035
4.000
5.000
6,000
7,000
8,000

10,000
11,000
12,000
i3.000
14.000
15.000
16,000
17.000
18.000
12,000
20,000
21,0600
22,000
23000
24.000
25.000
26.000
27.000
28.000
29.000
30.000

Critical Pressurz (psi)

3000 3070 | 2800 ] 2950 : 3,160 3.160 288 280

Tempersture (°F)

70 62 70 7 71 71 70.2 63

Pressurization Rate {psi/min}

664 694 674 674 7c6 706 6324 654

140

et ko




Table 1-26. Axial Displzcement of Spherical 2crylic Windows Sulbzatted to Short Term
Pressurization in DOL Type IV Flange

{R, = 2750in.; t = 6.500n.; a = 180 degrees;

Pressure Soecimen Numk Rexzmom | Seerage ‘ St
o b oa2e | oazr | oaze | oaze | ase | VEUR | Ve 1 Ve
Axial Displacement of Center Point on Viindow LowPrassure Face i)
I} .
.000 1Ly 0.030 felocr 0032 s137. 53 s e ©$013 SOG
i 25 0.021 GO7% 00622 0558 0045 0.058 5033 a6zt
300 0.0648 9032 00622 0c53 LT oEy fe v 3332
25 0687 CC51 6.652 6093 6Ce3 felss 4 8571 5.051
5500 0435 6823 | 6632 0.iis 6,165 C.si5 Pisacs 2.C25
£000 616 a320] o CRAL 08135 0142 1153 "G
1650 0146 63147 145 | D365 0.:€64 C.i55 Gi54 0385
80
G
1 0,030
1.0
32000
13000
15000
15500
15020
700
18.00G
38000
200
21590
220523
2255
250
D0
paty el
7.000
22505
23000
B i
Criticat Pressure {pnd
1000 7310 | 730 7430 1sss | s 2z | oo
Temperawre (OF)
1 ¥
iG i 2 ¥ il bt Hd 73 E I 7
Pressurization Rate {psimen]
[
£57 &57 657 &55 €55 g 57 L4 5

e
-
-
-




[aple 1-27. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type IV Flange

{R; = 2.750in.; t = 0.750 in.; & = 180 degrees)

i Number . .
Pressure Specimen Numbe Maximum | Average | Minimum

i % vV
{psi) 131 132 133 134 135 e Value alue

Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.023 0.003 | 0.017 | 0.023 | 0.018 0.023 0.017 0.003

2,000 0.035 0.014 | 0.031 0.038 | 0.033 0.038 0.030 0.014

3,000 0.047 0.028 | 0.046 | 0.051 0.047 0.051 0.044 0.028

4,000 0.063 0.040 | 0.061 0.064 | 0.061 0.064 0.058 0.040

5,000 0.079 0.055 | 0.077 | 0.080 | 0.078 0.080 0.074 0.055

6,000 0.096 0.071 0.094 | 0.096 | 0.095 0.096 0.090 0.071

7.000 0.110 0.089 | 0.115 | 0,116 | 0.115 0.116 0.109 0.339

8,000 0.141 0.111 0.140 | 0.140 | 0.140 0.1 0.134 0.111

9,000 0.172 6.138 | 0.172 | 0.168 | 0171 0.172 0.164 0.138
10,000 | 0.223 0.175 & 0.215 | 0.210 | 0213 0.223 0.207 0.175
11,000 0.283 0.241 0.277 0.272 0.292 0.292 0.273 0.241
12,000 0.325 0.380
13,000
14,000
15,000
16,000
17,600
18,000 |
19,000 |
20,000
21,000 1
22,000 :
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000

Critical Pressure {psi)

11,750 | 12,300 11,850 7 12,050 | 11,800 12,300 11,970 11,750

Temperature (°F)

69 69 70 69 70 70 69 69

Pressurization Rate {psi/min)

667 645 660 660 658 667 658 645




Table 1-28, Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term

136 137 138 139

Average
Value

Minimum
Value

Axia! Displacement of Center Point on Window Low-Pressure Face (in.)

7 Pressurization in DOL Type |V Flange
(Ri =2.750 in,; t = 0.750 in; oc = 180 degrees)
Pressure Specimen Number Maximum
(psi) Value

1000 | 0000 | 0010 | 0002 | 0.008 0.010 0.005 | 0.000
2000 | 0000 | 0026 | 0012 | 0.024 | o.02 0016 | 0.000
3,000 0.002 0.040 0.025 0.035 0.040 0.025 0.002
4,000 0.022 0.052 0.039 0.048 0.052 0.040 0.022
5000 | 0034 | 0066 | 0052 | 0.061 0.066 0083 | 0.034
6000 | 0051 | 0081 | 0066 | 0075 0.081 0068 | 0.051
7,000 0.070 0.098 0.082 0.091 0.098 0.085 0.070
8000 | 0089 | 0.115 | 0098 | 0.108 0.115 0.103 | 0.089
9,000 0.104 0.140 0.120 0.128 0.140 0.123 0.104
10,000 0.132 0.162 0.146 0.152 0.162 0,148 0.132
11,000 0.169 0.198 0.178 0.181 0.198 0.182 0.169
12,000 0.209 0.245 0.220 0.254 0.254 0.232 0.209
13,000 0.296 0,308 0.285 0.283 0.308 0.293 0.283
14,000 0.410 0.350
15,000
16,000
17.000
18,000
19,000
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000
Critical Pressure {psi)
13,900 13,850 | 14,100 | 14,200 14,200 14,012 13,850
Temperature (°F)
50 52 52 51 52 o9 50
Pressurization Rate (psi/min)
675 660 663 664 675 665 660
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Table 1-29. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type 1V Flange

{R; = 2.750in.; t = 1.000 in.; o = 180 degrees)

Specimen Number

Pressure Maximum | Average | Minmnum
(psi) 140 143 142 143 144 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face (in.)
1,000 | 0,001 0001 | 0003 | 0.005 | 0.007 0.007 0.003 0.001
2,000 | 0.020 | 0020 | 0013 | 0023 | 0.020 0.023 0.019 0.013
3,000 | 0.021 0024 | 0025 | 0029 | 0034 0.034 0.027 0.021
4,000 | 0043 | 0043 | 0036 | 0041 | 0049 0.049 0.042 0.036
5,000 | 0.050 - 0.048 | 0.053 | 0.072 0.072 0.058 0.048
6,000 | 0.059 | 0.054 | 0.060 | 0.068 | 0.106 0.106 0.069 0.054
7.000 | 0.081 0.081 | 0075 | 0082 | 0.141 0.141 0.092 0.075
8.000 | 0100 | 0095 | 0.091 | 0098 | 0.176 0.176 0.112 0.091
9,000 | 0.119 | 0103 | 0.109 | 0.118 | 0223 9,223 0.134 0.103
10,000 | 0.139 | 0.132 | 0.131 | 0.138 | 0.270 0.270 0.162 0.131
11,000 | o0.170 0.160 | 0.158 | 0.164 | 0.320 0.329 0.196 0.160
12,009 | 0208 | 0.191 | 0.196 | 0.199 | 0.391 0.391 0.237 0.191
13.000 | o271 0250 | 0247 | 0.252 | 0.470 0.470 0.298 0.247
14000 1 0360 | 0578 | 0.338 | 0.322 | 0.601 0.601 0.440 0.322
15,000 | 0.445 0.473 | 0470
16,000 0.850 | 0.746
17,00L
18,000
19,000
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000
Critical Pressure {psi)
15,150 | 15.500| 16,100 | 16,300 | 15,430 | 136,300 15,696 | 15,150
Temperature (°F)
70 69 71 71 7 i 71 70.4 69
Pressurization Rate (psi/min)
696 690 663 666 686 696 680.2 663
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Pressurization in DOL Type IV Flange

{R;=6.2001in.; t = 0.564 in,; & = 60 degrees)

Table 1-30. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term

Pressure
{psi)

Specimen Number

Maximum

145

146

147

Value

Average
Value

Minimum
Value

Axial Disp

lacement of Center P

oint on Window Low-Pressure Face {in.)

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

9,000
10,000
11,000
12,000
13,000
14,000
15,000
16,000
17,000
18,000
19,000
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27.000
28,000
29,000
30,000

0.056
0.133

0.030

0.033

0.056

0.040

0.030

Critical Pressure (psi)

2,200

1,200

1,600

2,200

16.000

1.200

Temperature (°F)

69

70

69

70

69

69

Pressurization Rate (psi/min)

770




Table 1-31. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term

Pressurization in DOL Type IV Flange

(R; = 8.200in.; t = 1.127 in,; a = 60 degrees)

Pressure
{psi)

Specimen Number Maximum | Average | Minimum

Value Value Value
148 149 150 ¢ Y

Axial Displacement of Center Point on Window Low-Pressure Face {in.)

1,000

2,000

3,000

4,000

5,000

6,000

7.000

8,000

9,000
10,000
11,000
12,000
13,000
14,000
15,000
16,000
17,000
18,000
19,000
20,000
21,000
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000

0.033 0.021 0.013 0.033 0.022 0.013
0.069 0.058 | 0.044 0.069 0.057 0.044
0.108 0.096 | 0.078 0.108 0.094 0.078
0.149 0.154 0.118 0.154 0.140 0.118
0.21 0.209 0.195 021 0.203 0.195
0.300

Critical Pressure {psi)

5,750 6,040 | 5,320 6,040 5,703 5,320

Temperature (°F)

69 69 69 69 69 69

Pressurization Rate {psi/min)

660 658 662 662 660 658
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Table 1-32. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type 1V Flange

(R;=6.200 in.; t= 1,690 in.; a = 60 degrees)

Pressure Specimen Number Maximum | Average { Minimum

{psi} 151 152 153 Value Value Value
Axial Displacement of Center Point on Window Low-Pressure Face (in.)

1,000 0.024 0.023 0.009 0.024 0.019 0.009
2,000 0.052 0.051 0.034 0.052 0.046 0.034
3,000 0.082 0.081 0.058 0.082 0.074 0.058
4,000 0.111 0.109 0.085 0.111 0.102 0.085
5,000 0.143 0.140 0.113 0.143 0.132 0.113
6,000 0.181 0.178 0.148 0.181 0.169 0.148
7,000 0.219 0.219 0,188 0.219 0.209 0.188
8,000 0.265 0.267 0.231 0.267 0.254 0.231
9,000 0.321 0.332 0.295 0.332 0.316 0.295

10,000 0.392 0,423 0.367 0.423 0.394 0.367

11,000 0.488 0.478

12,000 0.710

13,000

14,000

15,000

16,000

17.000

18,000

19,000

20,000

21,000

22,000

23,000

24,000

25,000

26,000

27,000

28,000

29,000

30,000

Critical Pressure (psi)
11,350 } 10,500 12,180 12,180 11,043 10,500
Temperature (°F)
69 69 69 69 69 69
Pressurization Rate (psi/min)
658 660 662 662 660 658
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Table 1-33. Axial Displacement of Spherical Acrylic Windows Subjected to Short-Term
Pressurization in DOL Type [V Flange

(R, =6.200 in.; t = 2.254 in.; & = 60 degrees)

Specimen Number

Pressure Maximum | Average | Minimum
(psi) 154 155 156 Value Vawe Value
Axial Displacement of Center Point on Window Low-Pressure Face {in.)
1,000 0.040 0.019 0.004 0.040 0.021 0.004
2,000 0.064 0.044 0.022 0.064 0.043 0.022
3,000 0.091 0.068 0.041 0.091 0.067 0.041
4,000 | 0.113 | 0093 | 0.064 0.113 0090 | 0.064
5,000 0.136 0.118 0.086 0.136 0.113 0.086
6,000 0.165 0.145 0.113 0.165 0.141 0.113
7,000 0.195 0.175 0.140 0.195 0.170 0.140
8,000 0.225 0.206 0.176 0.225 0.202 0.176
9,000 0263 0.246 0.208 0.263 0.239 0.208
10,000 0.329 0.294 0.246 0.329 0.290 0.246
11,000 0.370 0.333 | 0.288 0.370 0.330 0.288
12,000 0.432 0.398 0.345 0.432 0.392 0.345
13,000 0.494 0.468 0.404 0.494 0.455 0.404
14,000 0.580 0.548 0.465 0.580 0.531 0.465
15,000 0.710 0.650 | 0.533 0.710 0.631 0.533
16,000 0.935 0.810 | 0.614 0.935 0.786 0.614
17,000 1.108 0.714
18,000 0.834
19,000 0.981
20,000 1.214
21,000 1.430
22,000
23,000
24,000
25,000
26,000
27,000
28,000
29,000
30,000
Critical Pressure {psi)
16,750 | 17,300 | 21,920 21,920 18,657 16,750
Temperature {OF)
—
69 69 70 70 69 69
Pressurization Rate (psi/min)
650 657 669 669 659 650
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Table 1-34. Axial Displacement of Spherical Acrylic Windows Subjected t~ Short-Term

Pressurization in DOL Type |V Flange

(R;=6.200in.; t = 2.710 in.; « = 60 degrees)

Specimen Number

Pressure Maximum | Average | Minimum
(psi) 157 158 159 Value Value Val =
Axial Displacement of Center Point on Window Low-Pressure Face (in.?
1,000 | 0.0t9 | 0005 | 0.003 0.019 0009 ! u .3
2,000 | 0.040 | 0023 0.017 0.040 0.027 v
3,000 | 0.059 | 0.040 | 0.037 0.059 0.045 0.0."
4,000 | 0.080 | 0.063 | 0.062 0.080 0.068 0.062
5,000 | 0.100 | 0.083 | 0.085 0.100 0.089 0.083
6,000 | 0.125 ' 0.306 | 0.110 0.125 0.114 TRy
7,000 | o142 | 0131 ] 0135 0.148 0.138 0.13
8,000 | 0.176 | 0.159 | 0.161 0.176 0.165 0. - -
9,000 | 0.206 | 0.188 | 0.190 0.206 0.195 0.190
10,600 | 0.241 0.224 ;| 0.220 0.241 0.228 0.220
11,000 | 0276 | 0250 | 0.257 0.276 0.264 0.257
12,000 | 0.312 0.306 | 0.300 0.312 0.306 0.300
13.000 | 6.363 | 0.353 | 0.337 £.363 0.350 0.337
14,000 | 0420 | 0.205 | 0.388 0.420 0.404 0.388
15,000 | o0.491 6,467 | 0.453 0.491 0.470 0.453
16,000 | 0.554 0537 | 0516 0.554 0.536 0.516
17,000 | o648 § 0611 | 0577 0.648 0.612 0.577
18,000 | 0.746 0.703 | 0.670 0.746 0.706 0.670
19,000 | 0865 | 0500 | 0738 0.865 0.801 0.738
20,000 { 977 | 0926 | 0.850 0.977 0.918 0.850
210ty | 1128 1.065 | 0.903 1.128 1.032 0.903
22,02 1.250 | 1.225
2300 1 1.432 1,424
24,000 | 1.608 1.650
25,000 1.707
26,000
27,000
28,0C0
29,000
30,000
Critical Pressure {psi)
25,600 | 24,2201 25,880 25.880 25,233 | 24,220
Temperature (°F)
71 70 69 71 70 69
Pressurization Rate {psi/min)
668 666 648 668 661 648
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